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/. Introduction 

Catalysis by heteropoly acids ^PAs) and related 
polyossemetaiate compourids is a field cf increasing 
impc»-tance.'~^^ HPAs have several advantages as 
catalysts which make them econoTnically and envi- 
rcnmentally attractive. On the cne hand, HPAs have 
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a very strong, approaching the superacid region, 
Brcristed addlty; on the other, they are efficient 
oxidants, exhibiting fast reversible multielectron 
redox transformations under rather mild conditions. 
Their add— base and redox properties can be varied 
over a wide range by changing the chemical composi- 
ticn. Sciid HPAs possess a discrete ionic structure, 
comprising fairly mobile basic structural units— 
heteropolyanions and countercations (H+, H3O+, 
HsOe^, etc.)— imlike the network structure of, e.g., 
zedites and metal oxides. This unique structure 
manifests itself to exhibit an extremely high proton 
mobility and a "pseuddiquid phase" ^ (see later), 
while heteropolyanicxis can stabilize cationic crganic 
intermediates. 1^ On tcp of that, HPAs have a very 
high sdubility in pdar sdvents and fairly high 
thermal stability in the sdid state. These properties 
render HPAs potentially promising add, redox, and 
bifunctional catalysts in homogeneous as well as in 
hetercgeneous systems. HPAs are widely used as 
model systems for fundamental research, providing 
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unique oppcrtunities for mechanistic studies cn the 
molecular level. At the same time, they become 
increasingly important fcr applied catalysis. Most 
of the pioneering work has been done since the 
197Qs mainly by Japanese and Russian reasearch 
groups. In the last two decades, the bread 

utility cf HPA add and oxidaticn catalysis has been 
demonstrated in a wide variety cf synthetically useful 
selective transformaticns cf crganic substances.^" 
Several new industrial processes based cn HPA 
catalysis, such as oxidaticn of methacrolein, hydra- 
tion of olefins (propene and butenes), polymerizaticn 
of tetrahydrofuran, etc., have been developed and 
ccmmercialized. ^° 

The purpose of this review is to discuss the scope 
and limitations of HPAs as add and oxidation 
catalysts fcr liquid-phase crganic reacticns in homo- 
geneous and hetercgeneous systems. Such topics as 
HPA add and redcK properties, catalyst preparation 
and characterization, and mechanistic aspects of 
HPA catalysis are also surveyed. The review mainly 
covers the recent literature published during the past 
five years, although, for a more comprehensive 
discussion, some earlier works are also included. 
More detailed information about the preparation of 
HPAs and their physioochemioal properties can be 
found in monographs and reviews ^"^^^"^ and other 
artides in this issue. A series of reviews, discussing 
various aspects of HPA catalysis have been 
published, 

//. Acid Catalysis by Heteropoly Acids 
A. HPA Catalysts 

7. Structure 

Molecular Structure. HPAs are complex protcn 
adds that incorporate pdyoxometalate aniens (het- 
eropolyanions) having metal-oxygen octahedra as 
the basic strudural units. '^"^^^ The first character- 
ized and the best known of these is the Keggin 
heteropdyanion typically represented by the formula 
XMi2O40^-8 where X is the central atom (51^+, P^^, 
etc.), xis its oxidation state, and M is the metal ion 
(Mo'^or W^). The M*^ ions can be substituted by 
many other metal ions, e.g., V^, Co^+, Zn^+, etc. The 
Keggin anion is composed of a central tetrahedron 
XO4 surrounded by 12 edge- and corner-sharing 
metal— OKygen octahedra MOe (Figure 1).^'* The 
octahedra are arranged in four Iv^is groups. Each 
group is formed by three octahedra sharing edges and 




Figure 1. The Kegin structure of the XMi2O40^^ anlcn 
(a-isomer): 24 terminal (O^), edge-bridging (O^, and comer- 
bridging (O^ oxygen atcms. 



W = 0--H^ -•■W = 0 

/° - ■ \ 
W = 0---H^ ^H---W = 0 

F igur e 2. The schematic structure of bulk protcn sites in 
HgPWiaO^o-aiaO.ss 

having a common oxygen atom which is also shared 
with the central tetrahedron XO4. Among a wide 
variety of HPAs, the Keggin's are the most stable and 
more easily available; these are the most important 
for catalysis. In this review HPAs are understood 
as the Ke^n adds, unless otherwise stated. Gener- 
ally, their formulas will be abbreviated to XM, e.g., 
PWand SiWfor HsPWi^^o and H^SiWigO^ respec- 
tively. Other pdycKcmetalates— e.g., these ef the 
Dawson strudure, JQMisOes^^^ Ke^n and Dawsen 
lacunary anims, 'XMnO^^^ andXM\-/^\^^, and 
transition metal complexes thereof ^'^ ^^are also used 
as catalysts. 

Generally, solid HPAs form ionic crystals composed 
of heteropdyanims, countercations (H+, H3O+, H^2^> 
etc.) and hydration water. The crystal strudure of 
HPAs depends on the amount of hydration water. ^^"^3 
This water can be easily removed on heating, whereby 
the add strength is increased due to the dehydration 
of protons. This is a reversible process accompanied 
by changing the vdume ef crystal cell. Unlike the 
rigid network strudure of zedites, in HPA crystal 
the Keggin anions are quite mobile. Not only water 
but also a variety of pdar organic mdecules can enter 
and leave HPA crystal. Such strudural flexibility 
is important when using HPA as a heterogeneous 
catalyst (see below).®' 

Proton Structure. HPAs are strong Bronsted 
adds.^'^s.ii Structural charaderization of the HPA 
proton sites is an important step toward understand- 
ing the catalytic activity.'''®'^ Keggin aniens have 
three types of outer oxygen atoms as potential 
protcnaticxi centers: terminal oxygens M=0 and two 
types ef bridging oxygens M— O— M, edge sharing and 
comer sharing (Figure 1). Bond length-bond strength 
correlaticxis^^ as well as ^^O nudear magnetic reso- 
nance (NMR) dataP indicate that in the free poly- 
anicns (e.g., VicDzs^) in sdution, the bridging oxygen 
atoms, having a higher eledron density than the 
terminal oxygen atoms, are protonated. Hypotheti- 
cally, in the free Keggin anion in the gas phase, edge- 
bridging M— O— M oxygens may be assumed to be the 
predominant protonation sites. In solid HPAs, the 
protons take part in the formation of the HPA crystal 
strudure, linking the neighboring heteropolyanions. 
In this case the mere accessible terminal oxygens can 
be prdcnated. Thus, from single-crystal X-ray and 
neutron diffradion data.^the crystal strudure of PW 
hexahydrate is formed by packing heteropolyanions 
into a body-centered cubic strudure. The bulk proton 
sites in PW hexahydrate are represented as di- 
aquahydrogen ions, HsOe^, each of which links four 
neighboring heteropdyanions by forming hydrogen 
bcxids with the terminal W=0 oxygens (Figure 2). 
Note, however, that the protons cannot be found 
diredly from X-ray data; their positions are localized 
en the basis of a sensible hydrogen-bending scheme 
and the known geometry of the water mdecule. 
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Figure 3. i^o NMR spectra far i^O-enriched PW (a) 0. 12 
M PW aqueous sduticn; and (b and c) magic-angle spinning 
spectra for sdld PW at a spinning rate cf 6 8 and 1 1 kHz, 
respectively; pcsltlcns cf center bands are Indicated; spin- 
ning side bands are asterisked.^ 

Direct evidence cf the predcminant protcnaticn cf the 
terminal oscygens in sdid PW and SiW has been 
obtained by ^'^O NMR by compariscn cf sduticn and 
solid-state spectra for these HPAs.^^ The reso- 
nance fcr the terminal oxygen in solid PW exhibits a 
large 60 ppm upfleld shift ccmpared to the aqueous 
solution spectrum, whereas the bridging oscygen 
resonances have practically the same positions in 
both spectra (Figure 3).^^^ Since in aqueous sciu- 
tion PWis completely deprotcnated (see below), this 
linambiguously identifies the terminal csfygens as the 
predcminant protcnaticn sites in solid HPA. The 
structure of protcn sites in the dehydrated PW is 
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F igur e 4 The schematic structure of bulk protcn sites In 
dehydrated PW.ao 

shown in Figure 4 This structure is assumed to be 
directly fcrmed frcm the proton structure cf the PW 
hydrate upcn dehydration. Stdchicmetrically, each 
protoi is shared by four equivalent terminal oxygens, 
belonging to four different heteropolyanicns, like in 
PWhexahydrate. Interestingly, the same structure 
was su^ested^ fcr the structurally similar HPA 
salts, e.g., CssPWizO^a in which the Cs"*" ions each 
have four equivalent terminal cscygens as the closest 
neighbors. 

2 Acid PropeiHes 

HPA in Solution. In sdutions, the add proper- 
ties of HPAs are quite well documented in terms of 
dissodation constants and Hammett addity func- 
tion.^'* HPAs have very high solubilities in polar 
sdvents such as water, lower alcchds, ketcnes, 
ethers, esters, etc. Qn the dher hand, they are 
insduble in nonpdar sdvents like, e.g., hydrocar- 
bcns. The dissodaticn constants of HPAs were 
measured in such solvents as HzO,^ MeaCO, EtOH, 
and AcOH,34 etc.; the Hammett acidity function was 
determined in H2O and HzO-AcOH, HzO-dioxane, 
HzO-EtOH, and HEO-MeaCO mixtures. 3^ The sta- 
bility of HPAs toward hydrdysis in aqueous solution 
fdlows the order. SiW > PW > SiMo > PMo.i^'36 

In aqueous sduticn, HPAs such as PW, SiW, and 
PMo are strong fiiUy dissodated adds.'* SiWizO*)'*" 
and PWi2043^ aniens remain deprotcnated even 
aflier accepting two and three extra electrons, respec- 
tively, upcn pdarpgraphlc reduction In aqueous sdu 
ticxi at pH 1.37 Y!rom '^O NMR data,-^' PW remains 
fully ionized in a 94:6vX' AcOH-HzO solution, the 
solvated protons loosely bound to the anion as a 
whde rather than to a certain oxygen atom in the 
anion. HPAs in solution are stronger than the usual 
mineral acids such as H2SO4, HCl, HNO3, etc. (Table 
1). The strength of the Keggin HPAs depends weakly 
cn their compositiai. Yet the tungsten adds are 
markedly stronger than mdybdenum ones. The 
strongest add in the Ke^n series is PW* The 
addity of HPA concentrated sdutions in terms of the 
Hammett addity function also weakly depends on 
their compositicn and is stronger than that of equimo- 
lar sdutions of H2SO4.'* 

Although the acid strength and catalytic activity 
of Bronsted adds are best quantified in terms of their 



Table 1. Dissociation Constants of Heteropoly Acids 
in Acetone at 25 
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Table 2. Sorption of Different Substances onto PW at 

25 0C46 



scrption (molecules per Keggin unit) 



substance irreversible^ total 



pyridine 60 9 

ammonia 3.2 43 

methanol 22 > 10 

isopropyl alcohol 63 > 10 

ethylene 0.03 0.04 

1-butene 0.2 0.25 

benzene 0. 1 0.5 



^ The amount irreversibly retained after evacuation at 25 



dissodaticn constants and Hammett addity function, 
other characteristics, namely the hardness of the add 
or the softness of the ccrrespaiding base have also 
been used. These are the key parameters of the hard 
and soft add— base thecry related to the pdarizabili- 
ties of the acids and bases and generally applied to 
Lewis acids and bases.^ Acccrding tolzumi et al.,^ 
Keggin aniens can be characterized as having a very 
weak basidty and great softness. The order of 
softness of hetercpolyanicns in aqueous solution was 
estimated as fdlows: SiWizO^o'*" > GeWizO^o'*" > 
PWi2O40^ > PM012040^ > SiMoigO^D^- > NO3- > 
TsO- > SO42-. 

The softness of hetercpdyanions is assumed to play 
an important rde in stabilizing organic intermedi- 
ates. 

Solid HP As possess purely Bronsted acidity and 
are stronger than such conventional solid acids as 
SiOz-AlaOs, H3P04-Si02, and HXand HY zedites.^" 
The add strength of crystalline HP As decreases in 
the series PW > SiW > PMo > SiMo which is 
identical to that in sdutions (Table l).^^ Usually, 
relative catalytic activities of HPAs are consistent 
with this order both in homogeneous and in hetero- 
geneous systems. '^^ Like other strong sdid adds, 
HPAs are capable of generating carbocations from 
adsorbed deflns and arenes.''^ 

HPAs have a fairly high thermal stability. The 
Keggin-type PW, SiW, PMo, and SiMo decompose at 
465, 445, 375, and 350 °C, respectively. ^3 The 
decomposition causes the loss of their addity. How- 
ever, thermally decomposed mdybdenum HPAs be- 
come reconstructed under exposure to water va- 
por.**^ Under wet ccnditicns, mdybdenum HPAs 
can hence be used as sdid add catalysts in vapor- 
phase reactions operated at relatively high temper- 
atures. In the case of much less labile tungsten 
HPAs such reconstruction seems unlikely. 

Msono et al.^^^ demonstrated that crystalline 
HPAs in many respects behave like sdutions. This 
is due to the fad that these sdids have discrete and 
mobile ionic strudures. Solid HPAs absorb a large 
amount of polar mdecules, e.g., alcohols, ethers, 
amines, etc., in the catalyst bulk, forming HPA 
solvates^e (Table 2). Moreover, solid HPAs possess 
an extremely high proton mobility. It should be 
noted that protcn ccndudivities rf sdids generally 
correlate with their add— base catalytic adivities.'*^ 
The mechanism of the protcn ccndudivity of sdid 
HPAs has been discussed.'*^ 
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By virtue of the easy absorption, polar molecules 
undergo catalytic readicns not only on the surface, 
but also in the bulk of the crystalline HPA. Thus, 
toward pdar substances, solid HPAs behave like 
highly concentrated solutions, i.e., nearly all the HPA 
protons, not only the surface proton sites, partidpate 
in the catalytic readicn. This phenomenon, unusual 
for heterogeneous add catalysis, is designated by the 
term "pseuddiquid phase". ^ Unlike pdar mdecules, 
nonpdar readants (e.g., hydrocarbons) are incapable 
of being absorbed in the HPA bulk (Table 2). They 
interad only with the surface of the catalyst. The 
pseuddiquid behavior apparently brings about high 
catalytic activities for reactions of pdar molecules at 
relatively low temperatures, i.e., when the sorption 
of the substrate in the catalyst bulk is rather high. 
Besides the activities, unique seledivities have been 
reported.^ On tcp of that, the uniformity of pseuddiq- 
uid phase makes it feasible to use spectroscopic 
techniques to study the catalytic process.^ 

According to microcalorimetric data,^^ the bulk 
proton sites in dehydrated PW are essentially uni- 
form, which is nd unejqjeded due to the pseuddiquid 
behavior of HPA. These are characterized by the 
differential heat of ammonia adsorption of 140^ 160 
kJ-And, which is almost the same as that for H- 
mordenite, one cf the strongest add zedites. There 
is also a small amount (< 3%) of stronger prdon sites 
with the heat of ammonia adsorption above 170 kj/ 
mol. These are probably surface proton sites local- 
ized at the bridging O atoms in the Keggin unit. 
Other microcalorimetric studies have examined 
the acid strengths of a number of HPAs by the 
sorption rfNHs after pretreatment of the sdids tmder 
various coiditicns. An effed of adivation ccnditicns 
was observed in that a lower adivation temperature 
resulted in a higher differential heat of sorption. The 
order of add strengths rf sdid HPAs, as determined 
by microcalorimetry at a sorption temperature of 50 
°C after pretreatment at 150 °C, is PW > SiW > > 
PMo > SiMoi which is in agreement with that found 
by temperature-programmed desorption (TPD).^ 

Sdid PW and its addic salt Cs2.5H0.5PW after 
pretreatment at 300—400 °C have been claimed to 
acquire superadd sites. ^^"^'^ (By definition,^ super- 
adds are adds stronger than 100% H2SO4; they have 
the Hammett addity fundion Ho less than — 12). 
Thus, Okvihara et al.^ showed by titration with 
Hammett indicators that the calcined PW and 
CS25HQ5PW have the add sites with < - 13 16 
However, the application cf Hammett indicators to 
charaderize the surface addity d sdid adds can be 
misleading because the surface addity fiindion Hd, 
in contrast to the sdution Ho, does nd have an 
explidt physicochemical meaning (for a recent re- 
view, see ref 15). Another useful yet not suffident 
criterion to identify superadds is based on their 
catalytic activity: superacids are capable of cata- 
lyzing the low-temperature (below 100 °C) skeletal 
iscmerization rf light alkanes.^ According to this 
criterion, neither PW nor CS25H05PW can be re- 
garded as superadds because they catalyze /i-butane 
iscmerization only at about 300 °C.^ Nowinska et 
al.^ reported that bulk and Si02-supported PWshow 
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a very low catalytic activity in the skeletal iscmer- 
izaticn of n-hexane at 75 °C. Apparently, sdid HPAs 
are to be considered as very strcng, approaching the 
superaddity region, Broisted adds. 

3 Supported HPAs 

Supported HPA catalysts are impcrtant for ap- 
plications because bulk HPAs have a low specific 
surface (1— 5m2g-i).2,48,ii A variety of methods have 
been used to charaderize such catalysts,^ ^ ^ multi- 
nudear solid-state NMR being particularly useful 
probe of the state of HPA. 5^-62 xhe addity and 
catalytic activity cf supported HPAs depends on the 
t5^e of the carrier, the HPA loading, conditions of 
pretreatment, etc. Addic cr neutral substances such 
as SiOa^ active carbon, addic ion-exchange 
resin, ^ etc., are suitable as supports, the most often 
used being Si02. Basic sciids like MgO tend to 
decompose HPA.^ae? 

HPA on Silica. SiOa is relatively inert toward 
HPAs, at least above a certain loading lex'el, although 
some chemical interaction takes place between HPA 
and SiOa (see below). The thermal stability of HPA 
on SiOa seems to be comparable to or slightly lower 
than that cf the parent HPA.^^ Qn the other hand, 
a thermally deccmposed Ke^n structure on the 
silica surface may be reconstructed on exposure to 
water vapcr.'^^ 

^H and ^ip magic-angle spinning (MAS) NMR 
studies indicate a chemical interaction of PW with 
Si02.^^'^^^° Impregnating S'lOz with an aqueous 
solution cfPW gives catalysts with, in general, two 
HPA spedes which were charaderized by ^ip MAS 
NMR: one at - 15ppm with intact Keggin structure 
(A) and the other at — 14 ppm with a different 
structure (B) (Figure 5).^™ The relative amount c£ 
spedes A and B depends on HPA loading, with A 
dominating. At higher loadings, 30—50%, A is prac- 
tically the only cne present on the SiOz surface; at 
lower loadings, both spedes exist, the amount of B 
increasing as the HPA loading decreases. In con- 
trast, catalysts prepared by impregnation with a 
methanol sduticn cf HPA ccntain exdusively Keggin- 
type A over the whole range of PW loading. ™ Forms 
A and B were assumed to be bulk crystalline PWand 
the "interading" spedes (SiOH2+)(H2PWi204o"), re- 
spectively.^ More recently evidence was obtained 
that B may be H6P2W18O62 cx HePzWziOyi, fcrmed 
frcm PWin the course of catalyst preparation.™ The 
B spedes was mere active than A in liquid-phase 
dealkylaticxi of alkylphenols.™ The ^H MAS NMR 
study^''^ also shows the interaction of PWwith silica 
and the formation of a new type of proton sites on 
the silica surface. 

As shown by microcalorimetry,'*^ when loading PW 
(3D wt %) on SiOa the protcn sites become weaker 
and less unifcrm. Only 20% of the total amount rf 
proton sites remain as strong as in bulk PW. The 
rest has the differential heat of ammonia adsorption 
about 13DkJinol, approaching that for add sites cf 
HX and HY zeolites. Like fa- bulk HPA, the dif- 
ferential heat of NH3 adscrption on SiOa-suppcrted 
HPA strongly depends on the pretreatment temper- 
ature.^^ According to the ammcnia thermal descrp- 
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0 -2 -4 -6 -8 -10 -14 ppm 

Figure 5. sip MAS NMR spectra for PWand PW/SiOs at 
various PW loadings.^ 

tioi data, 49 the acid strength of supported PW 
decreases in the series of carriers: Si02 > a-Al203 > 
adivated carbcn. 

At low loadings, PWand SiWfcrm finely dispersed 
spedes on the Si02 surface; HPA crystal phase cn 
silica (200— 300 m^ g"') is developed at HPA loading 
above 20 wt %.^'^' Various HPA forms were ob- 
served on the silica surface by transmission eledrcn 
microsccpy (TEM): discrete mciecules, dusters 50 A 
in size and large crystallites of 500 A. Their relative 
amounts depend cn the HPA loading. 

Si02-suppcrted mdybdenum HPAs, such as SiMo, 
PMo, and PM010V2, retain the Keggin strudure at 
high leadings but deccmpose at very low loadings due 
to their strong interadicns with surface silanol 
groups. ''^■^'^2- 74 ^ ccrrelaticn was established be- 
tween the catalytic behavior in the methanol oxida- 
tion /dehydration reaction and the state of SiMo and 
PMo on the silica surface.^^^'* At high loadings, 
supported HPAs behave similarly to bulk HPAs. In 
this case, add catalysis predominates to yield dim- 
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PORE DIAMETER, nm 

Figure 6. Pare size distribution for 4D% PW/MCM-41 
(from Nz physiscrpticn).'^^ 

ethyl ether. In contrast, at low loadings, when HPA 
decomposes to M0O3, losing the acidity, cnly redox 
catalysis is observed to give formaldehyde. 

HPA on Mesoporous Molecular Sieve. Incor- 
poraticn of HPA into zeolite pores to obtain shape- 
selective catalysts has Icng been a challenge. How- 
ever, conventicnal zedites are not suitable for this 
because their pares are too small to adsorb large (12 
A) HPA molecules. Recently, PW supported on a 
novel mesoporous pure-silica mdecular sieve MCM- 
41 (BET surface area 12CDm2g-i, unifcrm paces 32 
A in size) was prepared^^ and characterized by 
nitrcgen physisorption, XRD, Fourier-transfcrm in- 
frared spectroscopy (FT-IR), TEM, and ^'P MAS 
NMR.7"7r. The PWMCM-4I compositions with PW 
loadings from 10 to 50 wt % have ~30 A uniformly 
sized mescpores (Figure 6). HPA retains the Keggin 
structure cn the MCM-41 surface at an HPA loading 
above 20 wt %; at lower loadings a partial decompo- 
sition of PW was observed, as in the case of amar- 
phous Si02.™ HPA forms finely dispersed spedes on 
the MCM-41 surface. No HPA crystal phase is seen 
at HPA loadings as high as 50 wt %. As shown by 
TEM,™ the PW species are mainly located inside the 
MCM-41 pores rather than cn the outer surface 
(Figure 7). PWAlCM-41 exhibits a higher catalytic 
activity than H2SO4 or bulk PWand shows a shape 
selectivity in liquid-phase phenol alkylation.^^ SiW/ 
MCM-41 has been characterized and tested in the 
esteriflcation of acetic add with /3-butyl alcohol. 
This catalysts is very similar to PWMCM-41. 

The encapsulaticn of PWin the cage of synthetic 
faujasite has been daimed,^ however, more charac- 
terization is needed to prove it; no preparation details 
has been disdosed. 

HPA on Carbon. While weaker adds, HP As 
supported on certain activated carbons are considered 
to be promising fixed-bed acid catalysts for liquid- 
phase reactions, e.g., esterification, because of their 
extraordinary stability toward HPA leaching frcm the 
carrier. However, as shown by microcalorim- 
etry,^^ the acid strength of PW is greatly reduced 
when loading on activated carbon. As evidenced by 
IR and sip MAS NMR, PWand SiWsuppcrted on a 
chemically (HsPO^ activated carbon retain the Keg- 




Figure 7. TEM images cf the same a: 
41: (a) befcji-e and (b) aftei 
structure observed before and aftei 
indication that HPA is mainly loc 
pores. (Reprinted from ref 70. Copyrig 
B.V.) 

gin structure at the HPA loading >5 wt % but 
decompose at the lower loadings. HP As form finely 
dispersed species on the carbon surface; no HPA 
crystal phase is developed even at the HPA loading 
as high as 45wt In ^ip MAS NMR spedra of 
carbon-suppcrted PW, a great line broadening was 
observed due to a strcng interadicn of the HPA with 
carbcxi.-^ Carbxi-supported H3+;,PMoi2-;,V;2O40 as 
catalysts for liquid-phase oxidation have been stud- 
ied.^'^^ Scanning tunneling microscopy and tunnel- 
ing spectroscopy studies on HPAs supported on 
graphite have been reported. 

Other Supported HPA Catalysts. Pillaring 
hydrotaldte-type anionic days (layered double hy- 
droxides) by pdyanions to fcrm expanded layered 
catalysts fcr redox readions has attraded consider- 
able interest. These materials are often used as 
precursors fcr mdecularly mixed oxide catalysts, 
which possess basic and/6r redox properties. Pil- 
lared layered double hydroxides have been prepared 
by ion-exchange reaction of [Zn2Al(OH)6]N03A'H20 
with the Keggin-type hetercpolyanions.^ Complete 
replacement of NO3" is achieved for Keggin anions, 
such as PWgVsO^D*^, H2W12O4D6-, SiWgVsOV", etc., 
vwth the charge of —6 or higher. No exchange was 
observed for anions such as PWi^43-^ and SiWi^43'*~. 
The intercalated anions, below 200 °C, were acces- 
sible fcr catalj^ic chemical conversions, e.g., for 
photocatalytic oxidation of iscprcpyl alcchd to ac- 
etone. The intercalation of PWinto a zinc aluminum 
carbonate hydroxide has been studied.^ Upon in- 
teracting with the day, PW was probably partially 
decomposed to form a highly dispersed PWg spedes, 
which, nevertheless, showed a higher catalytic adiv- 
ity and seledivity in dehydration of /3-butyl alcohol 
than the bulk HPA at 230-250 °C. Recently the 
intercalation cf a variety of transition metal-substi- 
tuted pdyoxcmetalates into ZnAl— NO3 and MgAl— 
CI host days has been reported. The pillaring of 
MgAl layered double hydroxides by H2Wi2O40^, 
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PzWisOsE^, and [Co4(H20)2(PW9034)2] anions has 
been acccmplished by ion exchange reaction.^ Pciy- 
oxometalate-intercalated hydrotaldtes showed cata- 
lytic activities for the liquid-phase oxidaticn cf cy- 
cldiexene with Oz^ and shape-selective epoxidaticn 
of alkenes with HeOe-^^ 

HPA immobilized into an organic pdymer, e.g., 
PMo-polysulfone, PMo-polyethersulfcne,^^ PMo— 
pdyacetylene^^ PMo— polypyrrole,^ SiW— pciy- 
aniline,^^ and PMo- and PW— pciy(l,4^phenyl- 
enemethylidynenitrilc)- 1, 4-phenylenenitrilomethyli- 
dyne),^ have been prepared and characterized. These 
are claimed to have an improved catalytic activity 
compared to bulk HPA in gas-phase ethancl ccnver- 
sicn. 

4 Salts Of HP As 

The nature cf countercaticn in HPA salts is critical 
with respect to their addity, solubility, pcrosity, and 
thermal stability. Salts with rather small cations 
resemble the parent HP As; they are readily soluble 
in water, ncnpcrous, and possess surface areas under 
lOm^g"^ (Table 3). In contrast, water-insduble salts 
with large monovalent cations, such as NH4+, K"*", 
Cs+, etc, have a rigid micrcpcrousinescpcrous struc- 
ture and surface areas over ICD m^ g~^.^ Even if 
these sdids are prepared (by predpitaticn frcm 
aqueous sduticns) to be stoichicmetric, residual 
quantities of protons still remain, which are appar- 
ently responsible for the catalytic activity of these 
salts. ^ As demonstrated by Miscno, Okuhara et 
54100 acidic Cs salt, CszsHqsPW, has strong acid 
sites and high surface area (100-200 m^ g"') and is 
an effident solid add catalyst for a variety of organic 
reactions, espedally promising for liquid-phase reac- 
tions. The pore size of Cs salts Cs;fH3-;fPW can be 
ccntrdled by the Cs content. CszeHqsPW possesses 
micropores of 62— 7.5 A diameter and exhibits shape- 
selective catalysis in a series cf liquid-phase reac- 
tiais.101 Izumi et al.i°^i°s repoted that SiOz-bound 
CS25H0 5PW, prepared throu^ the hydrdysis cf ethyl 
orthosilicate in the presence of cdlddal CszsHqsPW 
in ethanol, is catalytically more adive than Am- 
berlyst- 15 and H-ZSM-5, as based cn the unit add 
site. Catalysts obtained by loading HP As on their 
insoluble salts, e.g., PM0K3PM0, have been stud- 
Table 2. Physicochemical Properties of HPA Salts 



catlcn Icffilc radius 


1, A solubility" 


surface area, 


Li+ 


0.68 


S 


<10 


Na+ 


0.97 


S 


<10 


Ag+ 


1.26 


S 


< 10 


Mg2+ 


066 


S 


< 10 


Ca?+ 


099 


S 


< 10 


Cu2+ 


072 


S 


< 10 


Zn2+ 


074 


S 


< 10 


Al^ 


051 


S 


< 10 


Fe^ 


064 


S 


<10 


La^ 


1.02 


S 


<10 


Ce^ 


1.03 


S 


<10 


K+ 


1.33 


N 


>100 


Rb+ 


1.47 


N 


>100 


Cs+ 


1.67 


N 


>100 


NH4+ 


1.43 


N 


>100 


" Sdubility 




;r: S, sduble; N, insoluble. 



ied. Various methods cf the preparation of bulk 

and supported HPA salts have been described. 
The ^2^e NMR method has been applied to charac- 
terize the pore strudure of NH4"'', K+, and Cs"*" salts 
of PW, PMo, and SiW to corfirm the presence of 
microporosity therein. 

Certain "neutral" HPA salts can also gain proton 
sites upon the interaction with the readion medium. 
Two mechanisms cf the proton generation in het- 
ercpdy salts are distinguished: the dissodaticn cf 
coordinated water (fcr salts with the cations like Al^, 
Zn^+, etc.) and the redudicn cf the metal cation (fcr, 
e.g., Ag+, Cu2+, and Fd^+).^^ 

Al^ + Hp — Al (OH)^+ + H+ 

Ag++ l/2Hp^Ag°+H+ 



Ono et al.2 have studied Pt(II) and Pd(II) salts of 
PW; these are capable of ading as bifundional 
catalysts in alkane isomerizaticn. ^H NMR studies 
of protcns in the catalysts consisting Pd° metal and 
PW show that the presence of H2 and Pd° greatly 
modifies the dynamic nature of protcns in PW.^'^ 
Thus it was found that at GO °C under H2, the 
interconversion occtirs between the hydrogen atoms 
on Pd° and protons in PW and that hydrogen atoms 
formed on Pd° spill over to the surrounding het- 
eropdyanions. Cs^sHcirfW catalyzes the /(-butane 
isomerization to isobutane at 300 °C;"" combining 
the Cs salt with noble metals such as Pt enhances 
the activity in the presence of H2. 

B. Homogeneous Reactions 

HPAs catalyze a wide variety of readicns in 
homogeneous liquid phase offering strong options fcr 
more efficient and deaner processing compared to 
conventional mineral acids.^"^'^^ '^ Being stronger 
adds, HPAs will have significantly higher catalytic 
adivity than mineral adds. In particular in organic 
media, the mdar catalytic adivity cf HPA is often 
100- 1000 times higher than that cf H2S04'i 12 (Table 
4). This makes it possible to carry out the catalytic 
process at a lower catalyst concentration andhc at a 
lower temperature. Further, HPA catalysis lacks 
side reactions such as sulfonation, chlorination, 
nitration, etc., which occur with mineral adds.'* As 
stable, relatively ncntcKic crystalline substances, 
HPAs are also preferable with regard to safety and 
ease cf handling. 

Table 4. Homogeneous Reactions Catalyzed by HPA 

reacticn" rate ratio* T°C ref 

hydration of isobutene<^ 2-4 40 11 

hydration of phenylacetylene 100 60 11 

PhCpHalsOOH-PhOH-FCHaCOCHs 1000 25 3 
olefin -FHOAc— ester 90 110 3 

ester — defin -I- carboxylic add 100 128 112 

THF-l-AcsO- >1000 50 11 

AcO(CH2CH2CH^H20)„Ac 
styrene + HCHO (Prlns reactlcn) 50 50 1 1 

" Unless dherwise stated, reactions were perfcrmed in 
crganlc media. *HPA/H2S04 (perprotcn). In aqueous sduticn. 
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The relative activity of Keggin HPAs primarily 
depends on their add strength. Other properties 
such as the oxidation potential, which determines the 
redudbility of HPA by reaction medium, as well as 
the thermal and hydrolytic stability are also impor- 
tant. These properties fca~ the most ccmmcn HPAs 
are summarized below: ^ 

add strength 

PW> SiW> PMo > SiMo 
oxidation potential 

PMo > SiMo > > PW > SiW 
thermal stability 

PW > SiW > PMo > SiMo 
hydrolytic stability 

SiW> PW> SiMo> PMo 

Usually, tungsten HPAs are the catalysts of chdce 
because of their stronger acidity, higher thermal 
stability, and lower oxidation potential compared to 
molybdenum HPAs.'* Generally, if the reacticn rate 
is ccntrolled by the catalyst add strength, PW shows 
the highest catalytic activity in the Keggin series. 
However, in the case of less demanding reacticns as 
well as in reacticns at higher temperatures in the 
presence cf water, SiW, having lower csddaticn 
potential and higher hydrciytic stability, can be 
superior to PW. 

The majcr problem, limiting the utility of homo- 
geneously catalyzed processes, is the well-known 
difficulty in catalyst recovery and recycling. As the 
cost cf HPAs is higher than mineral adds, the 
recycling cf HPA catalysts is the key issue to their 
applicaticn. Only a few homcgeneous reacticns allow 
fot easy HPA recycling, fcr example, hydration of 
defins (see below). In seme cases, HPA can be 
recovered frcm pdar organic sduticn without neu- 
tralizaticn by precipitating with a hydrocarbon sd- 
vent. HPA can also be extracted frcm an addified 
aqueous sdution of its salt with a pdar crganic 
scivent. Even though the neutralization of HPA is 
necessary, the amount of alkali needed and hence the 
amount cf waste fcrmed thereupon is much less than 
with mineral adds. A mere effident way to overcome 
the separation problem is the use of bi phasic systems 
or sdid HPA catalysts, which will be discussed later. 
Below are given selected examples d HP A-catalyzed 
homcgeneous reactiais. Mere can be found in refs 
2-0,8, 11, and 12. 

7. Hydration of Olefins 

The HPA-catalyzed hydration d C3— C4 defins (eq 
1) is an industrially important reaction, the hydration 
of propene being the first commerdal process based 
on HPA catalysis. 1° 



(CH3)2C=CH2 === (CH3)jC— CH2 • (CH3)zC — CHj- 



RCH=CH2+ Hp — RCH(OH)CH3 



(1) 



I H20 



(CH3)3C*...SiW,204C,''- 

j HjO 



{CH3)3CX3H + H* (CH3)3COH + HSIW12O40* 
Path I Path II 

Figure & The mechanism of the hydration of isobutene. ^ 

produced by cracking. As the catalyst, a concentrated 
aqueous solution of HPA is used. Compared to 
mineral adds, such as H2SO4, HNO3, and HCIO4, 
HPA is 2—4 times more active per equal H3O+ 
concentration and shows a higher seledivity, mini- 
mizing side reacticns such as isobutene digomeriza- 
tion. 1 1^ 1 14 Izumi et al. ^ ^ showed that the reacticn 
order with respect to HPA depends cn the HPA 
ocnoentration: first order in diluted HPA solution 
and nearly second order in concentrated solution. In 
contrast, the reaction with mineral adds is first order 
in the catalyst. The solubility of isobutene also 
significantly increases with increasing the HPA 
concentration. On these bases, a two-path reaction 
mechanism is su^ested (Figure 8). Path I is a 
commonly accepted mechanism with the formation 
of the intermediate carbenium ion. This mechanism 
does operate with mineral adds. Path II indudes the 
formation of a complex of heteropdyanicn with the 
carbenium ion driven by the soft basidty d het- 
eropdyanicn (see abofve). It is path II that is as- 
sumed to be responsible for promding the reaction 
by stabilizing the intermediate carbenium icn in the 
above complex. From this mechanism the overall 
rate of the isobutene hydration, in agreement with 
experiment, can be expressed as 

v= Ai[01][H30+] + A2[01][H30+][HPA""] 

where Ai and kz are the rate constants of paths I and 
II and [Ol] and [HPA""] are the concentrations of 
defin and heteropdyanicn, respectively. On the 
dher hand, as found later by Kozhevnikov et al.,^^^ 
the rate of isobutene hydration catalyzed by HPAs 
obeys the Hammett pld: log = - 1.04Ho - 346 
And this pld is also valid for mineral adds such as 
H2SO4, HCl, HNO3, and HCIO4. This may indicate 
that the reaction with bdh HPAs and mineral acids 
proceeds via the same principal mechanism, for 
example, path I. These authors interpreted the 
high order with respect to HPA as a result of the 
strong spedfic salt effect of highly charged het- 
ercpdyanions. However, if considered on the mdec- 
ular levd, this explanation may be similar to what 
is suggested in path II by Izumi et al.^^^ 

HPAs were reported to be mere effident catalysts 
than H2SO4 and HCIO4 in the hydration of pheny- 
lacetylene^i (eq 2). 



PhC^CH + H2O — PhCOCHa 



(2) 



The hydration of isobutene is used for the separa- 
tion of isobutene from the C4 hydrocarbon stream 



Cydoalkenes are hydrated to cydoalkands with 
99% selectivity in the presence d a catalyst consisting 
of a concentrated aqueous sduticxi of an arylsulfonic 
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add and tungsten HPA. PWand Si Ware efficient 
catalysts fcr the hcmc3genecus hydraticn cf camphene 
to isoborned, which is an intermediate in the syn- 
thesis of camphcr.ii^ 

2 EstBiification and RelatEd Reactions 

These reactions have been extensively studied in 
the presence of Keggin and Dawson HP As as homo- 
geneous catalysts. 4 ^^'^^2 Generally, such reacticns 
are perfcrmed in crganic media, and water greatly 
affects the reaction rate.^i^ The catalytic activities 
cf HPAs usually fdlow the crder cf their add 
strengths,^ as expeded for Bronsted add catalysis. 
However, Mo adds, having a higher oxidaticn poten- 
tial than W cnes, may exhibit a lower activity than 
expeded frcm their add strengths due to their 
redudion by the readicn medium. "'^^^ 

Recently Misono et al. studied a series of homo- 
geneous readicns such as deccmpositicn of isobutyl 
propionate 0BP), transesteriflcation cf IBP with 
acetic add and 73-prcpyl alcohd, and esterification of 
propicnic add with isobutyl alcohd (eqs 3-6). 

C2H5COOCH2CH (CH.,)^ — 

(CH3)2C=CH2 + C2H5COOH (3) 

CgHgCOOCHsCHCCHals + CH3COOH — 

CH3COOCH2CH(CH3)2+ C2H5COOH (4) 

C2H5COOCH2CH(CH3)2 + /7-C3H7OH — 

C2H5COOC3H7+ (CH3)2CHCH20H (5) 

(CH3)2CHCH20H + C2H5COOH — 

CgHgCOOCHgCHCCHalg+HgO (6) 

In readicn 3 HPAs are GO— 100 times more adive 
than H2SO4 and p-tduenesulfcnic add (TsOH). The 
activity is in the a-der PW > SiW > GeW > BW > 
HePzWisOez > CoW. The same activity pattern was 
observed fcr reaction 4 in the absence of water. In 
contrast to reaction 3 the addition of water greatly 
accelerated reaction 4 and probably changed its 
course to proceed via the hydrdysis of IBP to propi- 
onic add and isobutyl alcohd, fdlowed by the esteri- 
fication of isobutyl alcdiol with acetic acid. On the 
other hand, for readicns 5 and 6 no significant 
difference in the activity between HPAs and H2SO4 
was observed probably due to the leveling effect of 
the reactant alcohds on the add strength of the 
catalysts. 

Dialkyl phthalates, utilized as plastidzers, were 
obtained by esterifying phthalic arihydride with Cg— 
Cio alcohds at ICQ- 120 °C in the presence of PW 
(1—2%) as a hcmcgeneous catalyst.^ The catalytic 
activity of HPA is significantly higher than that cf 
H2SO4 and TsOH. HPA suppcrted cn activated 
carbon can also be used as a hetercgeneous catalyst. 
Although HP AC is less adive than the homogeneous 
PW catalyst, it can be easily separated frcm the 
readion mixture and reused. 

Synthesis of glycosides catalyzed by HPA is of 
industrial impcrtance. ^° Glycosides are used as new 
effedive and biodegradable surfadants. HPA is 



several times more adive than the conventional 
catalysts such as TsOH and TnClz- Thus acetylated 
mcnosaccharides interact readily with alcohols in a 
hcmogeneous phase in the presence of 2% of HPA 
with resped to the sugar derivative at 70— 130 °C, 
yielding 70-90% of glycosides (eq 7). 




HPA is applicable as an adive and selertive 
catalyst in the homogeneous alcohdysls of epoxides 
(epichlcrchydrin, l,2-epQ?9^butane, isobutene ccdde, 
styrene oxide, etc) under rather mild conditions (45 
°C, excess of alocJid) (eq S). HPA has much higher 

R^R*q— CH2 + ROH ► rIr^c — CH2 + 



adivity than H2SO4 and TsOH. With H2SO4, in 
ccntrast to HPA, the rapid deactivation of the cata- 
lyst was observed probably due to the formation of 
an alkyl si ilfate, rest ilting in loss rf addity. Likewise, 
in the acetdysis of epoxides, tetrahydrcfuran, and 
linear esters, performed in an excess of acetic add, 
HPA is far mere effedive than other add catalysts 
such as TsOH and BF3-H20. And again, like with 
H2SO4, the adivity of TsOH decreases in the early 
stage of the reaction due to the fcrmation of a tosyl 
ester. 

Methyl terf-butyl ether 0vITBE)— a gasdine odane 
booster— is produced industrially cn a large scale by 
reacting isobutene with methanol in the presence of 
an add catalyst, e.g., acidic ion-exchange resin (eq 
9). HPAs and their salts also catalyze the MTBE 

(CH3)2C=CH2 + CH3OH — CH30C(CH3)3 (9) 

synthesis as homogeneous and heterogeneous cata- 
lysts.2 Maksimov and Kozhevnikov^^^ showed that 
in the hcmqgeneous reaction at 42 °C, Ke^n-type 
HPAs such as PW and SiW are 2-4 times more 
adive than ccnventicnal catalysts in terms cf the 
reaction rate per vinit proton site. Interestingly, a 
Dawson-type HPA, H(^2Wi8062, shows two times 
higher activity than the Keggin-type PW. However, 
with regard to the adivity per unit weight rf catalyst, 
H2SO4 is the most adive catalyst. Recently liquid- 
phase synthesis of MTBE 120 and ethyl f erf-butyl 
ether by HPA-catalyzed etherifl cation rf f erf-butyl 
alcciid with methand and ethand, respectively, has 
been studied. 

3 Condensation 

HPAs have Icng been known as catalysts fcr 
ocndensaticn reacticns, e.g., the condensaticn of 



180 Chemical Reviews, 1998i Vol. 98, No. 1 

acetcne to mesityl oxide and alkylbenzenes^ and the 
condensaticn of ketcnes and phenols to bisphends. 

Kozhevnikov et al.^^'^^^ have shown that HPA is 
an efficient catalyst fcr ccndensaticns in the synthe- 
ses of vitamins E, Ki and C. Thus, PW and SiW 
catalyze the condensaticn of iscphytci with 2,35- 
trimethylhydroquincne (TMHO) to a-tcccpherci (eq 
10), which is the active fcrm of vitamin E.i^s The 




reaction is performed in a homcgeneous phase (e.g., 
in butyl acetate or acetic add) or in a heterogeneous 
system (e.g., in toluene) with 1 wt % HPA based 
on TMHQ. Wth HPA, practically the same yield and 
quality of vitamin E is obtained as with ZnCl2 which 
is the best commercial catalyst. However, ZnClz is 
used in a stdchiometric amount, resulting in a large 
amount of waste. In ocntrast to ZnCl2, HPA can be 
recovered after the reacticn and reused. 

HPA catalyzes the Prins reacticn of alkenes with 
fcg-maldehyde to yield 1,3-dicKanes. Thus in the 
reacticn of styrene (eq 1 1), Keggin-type HP As were 
shewn tobe supericr toH^04 and TsOH, the activity 
differing cnly slightly in the series of HP As." 

PhCH=CH2 + 2HCHO — ► PhCH (l"") 

4 Mscellaneous Reactions 

Izumi and Fujita'^s reported that an iminium salt, 
prepared by interacting A/^ A^-dimethylfcrmamide with 
epichlcrciiydrin in the presence of PW or SiW, 
effectively catalyzes the liquid-phase Beckmann re- 
arrangement of cydcJiexancne cxime to e-caprdac- 
tam (eq 12) under mild conditions (50-60 °C). The 
product lactam was found to pdscn the catalyst, 
although reversibly. The turnover of the catalyst 
attained 200. 



6 - 

HP As have long been known as very effident 
catal5^ts fcr the deccmposition of cumene hydrcper- 
oxide tophend and acetcne^^^^^ (eq 13). Similarly, 

PhC (CHgipOH — PhOH + CH3COCH3 (13) 

1,35-trihydrcKybenzene is fcrmed via the deccmposi- 
tion of 1,35-triiscprcpylbenzene hydrcperoxide at 
50- 100 °C with 97% selectivity at 89% hydroperoxide 
ccnversicn. 



Kozhevnikov 

1,2-Dids (1,2-prcpanediol, 23butanedid, and 23 
dimethyl-2,3butanediol) readily undergo the pinacd 
rearrangement to yield the corresponding carbonyl 
compounds (propanal, 2-butanone, and 33dimethyl- 
2-butanone, respectively) in the presence of PW, SiW, 
PMo, and SiMo. 1,4- and l,Sdiols under such 
ccnditicns selectively form cyclic ethers. 

Kcrtz and Pcpe^^ have synthesized and fully 
characterized two new pdyoxomdybdate diphosphate 
complexes with the formula [(OsPXPOajMogOis- 
(HsO)^^- (X= O cr CH2). The pdyanion with X= O 
is a possible intermediate in the molybdate-catalyzed 
hydrdysis of pyrophosphate at pH Z 

C. Biphasic Reactions 

Separation of products and recovery and recycling 
of a catalyst often becomes much easier if a hcmo- 
geneovisly catalyzed reaction can be performed in a 
biphasic system consisting of two immiscible liquid 
phases— a catalyst phase and a product /eactant 
phase— with intense mass transfer between them. 
HP As due to their spedal solubility properties, i.e., 
high sdvibility in a variety of pdar sdvents and 
insdvibility in nonpdar sdvents, are suitable cata- 
lysts for operating under phase-transfer ccnditicns. 
There are two types of such biphasic systems: (1) 
initially hcmqgeneous, a reacticn system separates 
in two liquid phases in the course cf the reacticn; and 
(2) a reaction system is biphasic from the very 
beginning. The catalyst phase, usually the lower cne, 
is a sduticn cf HPA in a pdar reactant. The reacticn 
predominantly proceeds in the catalyst phase, and 
the product formed is transferred to the less pdar 
product phase. The amount of HPA in the product 
phase must be negligible to allow easy catalyst 
separation. 

1. Polymerization of Tetrahydrofiiran 

Pdymerization of tetrahydrofuran (THF) is used 
for the preparation of pdyoxytetramethylene glycd 
(PTMG), which is employed for manufacturing Span- 
dex fibers and pd>airethanes. PTMG is ccmmerdally 
produced by a two-step process, induding ring- 
cpening pdymerization of THF with acetic anhydride 
catalyzed by HCIO4, followed by hydrdysis of the 
terminal acetate groups in the prepdymer. Izumi et 
al.i3i found that HPA is more adive than HCIO4 in 
the pdymerization cf THF. Aoshima et al.^^ have 
developed a cne-step process fcr the THF pdymeri- 
zation to directly yield PTMG (eq 14). 

nTHF + Hp — HO[(CH2)40]„H (14) 

PTMG is obtained by ring opening THF with water 
in the presence of PWat 60 °C. The HaOPWmdar 
ratio is critical for the process, controlling the reac- 
tion rate and molecular weight of pdymer. When the 
H2OPW molar ratio is above 15, a homogeneous 
phase forms, and no readion takes place. When the 
H2OPW ratio is below 15, the solution separates in 
two liquid phases— a THF (upper) phase and a P W— 
THF— H^ (lower) phase. The pd3aiierizaticn starts 
when H20'PW ratio is decreased below 10. The 
pdymer is formed in the HPA phase and transferred 



Catalysis by HetErapoly Acids 



Chemical Reviews, 1998^ Vol. 98^ No. 1 181 



to the THF phase. The reaction rate increases with 
decreasing H2OPW ratio, and so does the molecular 
weight of polymer. The process is performed ocn- 
tinuously. The PTMG with a molecular weight cf 
500—2000 and a narrow molecular weight distribu- 
tion is obtained from the THF phase. 

Similarly, PW and PMo catalyze the pciymeriza- 
tion of cydic formaldehyde acetal and trimer, 1,3- 
diaxdane and 1, 3 Strioxane, respectively. Thus, in 
the polymerization of 1,3, Strioxane, the ccmparable 
reaction rates can be obtained with 25 times less a 
catalyst consumption on weight basis than fcr ocn- 
venticnal catalyst like BFs-ORe.^^ 

2 EstBiification 

Esterifi cation of p-nitrobenzcic acid is a step of the 
anesthetic synthesis. Ethyl /^-nitrobenzoate is ob- 
tained in a 99% yield by esteriftcatiai of jD-nitroben- 
zoic add with ethanol (eq 15) in the presence cf PW 
(3- 7 wt %) at 75 "C.^ Water fcrmed in the readioi 



COOH 



COaEt 



NO2 



course is separated by azeotropic distillaticn with 
tduene. Initially hanqgeneous, the reaction mixture 
becomes a two^phase system in the end of the 
reaction. The upper phase contains the product; the 
lower phase is a concentrated solution cf HPA in 
ethand. The catalyst phase is easily separated and 
can be reused. 

Aoetcscylaticn and hydration of dihydromyroene 
(DHM) yldd dihydromyroend (DHM-OH) and dihy- 
dromyroenyl aoetate (DHM-OAo) (eq 1^, respec- 
tively, which are useful as perfume ingredients. 



ACOH + H2O ^ ^ , ^ 

II L n ^ L i 



OAc OH 

These reactions occur simultaneously in a two-phase 
system in the presence of HPA at 14-30 °C. The 
upper phase mainly consists of DHM and the lower 
phase is a concentrated solution of PW in aqueous 
acetic acid. Acetic add is approximately equally 
distributed between the two phases. The reaction 
proceeds in the catalyst phase to form DHM-OH and 
DHM-OAo, which are transferred to the DHM phase. 
The process reaches an equilibrium at '^30% DHM 
conversion and is strongly complicated by add- 
catalyzed iscmerization and cyclization of DHM. 
This method provides 90% selectivity to the sum of 
DHM-OH and DHM-OAo at 21% DHM ocxiversicxi. 
The catalyst phase can be reused without loss of 
activity. 

3 Other Reactions 

Keggin-type HPAs sudi as PMo, PW, and SiW 
catalyze the cyclotrimerization of aldehydes, such as 



ethanal, propanal, butanal, 2-methylpropanal, etc., 
to produce 24Q-trialkyl- 1, 3 5-trioxanes in high yields 
(eq 17), as reported by Sato et al^35,i3B Catalyst 

3RCH0 — (17) 



turnover number is more than 10 000 for the propa- 
nal cydotrimerization. At high conversions of alde- 
hyde, the reaction mixture spontaneously separates 
into two phases, a produd phase and a catalyst 
phase, which, depending on aldehyde can be sdid or 
liquid. For the propanal oydotrimerizaticn, the 
reaction mixture separates into two liquid phases, 
and the recovered catalyst phase can be easily reused. 
Vapor-phase trimerization of formaldehyde to triox- 
ane catalyzed by H4PM011VO40 supported on silicon 
carbide at 1 10 °C has been studied. 

Sato et al. examined various acetal formation 
readions between mcnoaloohds or diols and a range 
cf aldehydes or ketones catalyzed by a Ke^n-type 
HPA in comparison with other add catalysts. The 
readion was strongly inhibited by water produced 
in the readion course. The catalyst adivity was 
found to decrease in the order: SiW > PMo > PW > 
TsOH > H2SO4. For several reactions between a 
oarbonyl compound and a did, the readion mixture 
was spontaneously separated into two liqiiid phases, 
enabling easy catalyst recyding. 

Timcfeeva and Kazhevnikov^^ reported the alky- 
laticxi of hydroquina-ie with isobutene to yield 2- tert- 
butylhydroquinone and 2,&di-ferf-butylhydroquinone 
catalyzed by H3PWi204a HePzWisOez, and HePzWziOyi 
under phase-transfer conditions in a biphasic system, 
indviding toluene (upper phase) and HPA dioxane 
etherate, HPA-ACiHsOn-jiizO (lower phase). In 
this case, the two phases are immisdble from the 
very beginning, and the produds are obtained from 
the tduene phase. The yield of 2-ferf-butylhydro)- 
quincne increases in the series: HePzWi^ez < 
H6P2W21O71 < HsPWigO^a with H3PWi^4D being 7D% 
(85 °C). H3PW12O4D showed a higher efBdency than 
H^04 or H3PO4. 

D. Heterogeneously Catalyzed Liquid -Phase 
Reactions 

In this sedion, readions in liquid-sdid systems 
catalyzed by bulk and supported HPAs and their 
insduble salts are discussed. In heterogeneous as 
well as in homogeneous systems, HPAs are generally 
more efficient than conventional catalysts, such as 
SiOz-AlzOs, zeolites, etc., which is in line with their 
relative add strengths. ^'''^^^ Obvious advantage of 
heterogeneous systems over homogeneous is easy 
separation of a catalyst from readion produds. 
Furthermore, since HPAs are sduble only in wet 
nudeophilio sdvents, levelling the add strength 
(dehydrated HPAs are scarcely soluble in dry pdar 
media), their intrinsic strong addity cannot be fully 
utilized in homogeneous systems. Hence, for cata- 
lyzing highly demanding reactions, e.g., the Friedel— 
Crafts reaction, HPA must be used as a sdid add 
catalyst in a dry nonnudeophilio medium. To en- 
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hance the add strength, sdid HPA catalysts are 
usually dehydrated by evacuating at 150— 300 °C for 
1-2 h.4 

A serious prcblem with the solid HPA catalysts is 
their deactivation during crganic reacticns due to the 
formaticn of carbonaceous deposit (cdte) on the 
catalyst surface. This problem remains to be solved 
to put heterogeneous HPA catalysis in practice. 
Ccnventicnal regeneration by burning ccke at 500— 
550 °C, which is routinely used in the case cf 
aluminosilicates and zeolites, is not applicable to 
HPAs because their thermal stability is not high 
enough to do so. Supporting HPA cn a carrier 
inhibits the fcrmaticn of ccke.^^ while bulk HPAs, 
having very strong add sites and lew surface area, 
ccke mere rapidly. 

7. Paraffin Alkylation 

The paraffin alkylaticn is utilized in industry ioc 
obtaining higher octane paraffins which are blended 
into gasoline. H2SO4 cr HF are used as homogeneous 
catalysts in this process. PWsuppcrted {73}i>) on a 
series cf carriers, such as mescpcrous mdecular sieve 
MCM-41, amorphous silica, and alumina, has been 
studied as the catalyst for the isobutane/2-biitene 
alkylaticn in comparison with a MCM-22 zeciite.^'^ 
The reacticn was perfcrmed in a stirred autodave 
at 120 °C and 30atm with a 5Q 1 isobutane/2-butene 
feed. The greatest ciefln conversion (87%) was 
observed with PWAlCM-41. The alkylate quality 
(trimethylpentane to dimethylhexane ratio) observed 
with PWMCM-41, albeit worse compared with MCM- 
22, is better than with PW,Si02 or PWAI2O3. 

2 Friedel- Crafts and Related Reactions 

HPAs and their salts are promising sciid add 
catalysts for Friedel— Crafts reacticns, to replace the 
conventional homogeneous catalysts such as AlCla 
BF3, and H2SO4, which bring about serious envircn- 
mental and operational problems— high toecidty, cor- 
rosion, spent add disposal, difficulty of separation 
and recovery, etc. 

Izumi et al.^^ found that silica-supported PWis a 
very adive catalyst, superior to other HPAs, for the 
alkylation of benzene with 1-ootene. At a low reac- 
tion temperature of 35 °C and an excess of benzene, 
the major produd is 2-phenylootane (50-80md %), 
S and 4-phenylootanes also being fcrmed. The 
catalytic activity depends on the pretreatment tem- 
perature and the HPA loading. In contrast, in the 
alkylation of arenes with benzyl chloride, the most 
effident catalyst is PMoSIOe. 

In the acylation of p-xylene with benzoyl chloride, 
however, PMo in the PMo/Si02 catalyst was found 
to decompose during the readion. ' ' Probably, the 
real adive spedes is not the supported PMo, but 
some soluble spedes which might be formed by the 
interartion between PMo and benzoyl chloride. In 
contrast to PMo, SiWand PWboth effedively cata- 
lyze the acylation and remain unchanged on the Si02 
surface after the reaction. But in a more polar 
readion medium, as in the acylation of chloroben- 
zene, even SiW leaches from the silica support and 
decomposes in the course of the readion like PMa 
Benzdc anhydride can be used as an acylating agent 
with the SiWSi02 catalyst, but benzdc add cannot. 



Table 5. Friedel— Crafts Acylation'* 



substrates 


prcxluct yleld^ 


acylating agent arene 


Cs25Hq5PWi^43 H3PW12D40 


(PhCO)gO p-xylene 
(PhC0)20 anisde 
AC2D anisde 
nCyHisCOCl mesitylen. 


57 3 
85 69 
89 50 
3 80 44 



2h. 



" Acylating agentArene/fcatalyst = 5/10O/).Ol nvmd, reflux, 



A weaker solid acid, SiWi;arbon, can also catalyze 
the acylation, but less effidently than SiWSi02. 

As found by Soeda et al., ^^bulk PWshows a better 
performance than liquid (H2SO4, CF3COOH) or sdid 
(Amberlyst- 15, Si02-Al203) catalysts for the selective 
alkylation of p-xylene with isobutene at 30 °C to 
afford tert-butyl-p-xylene— an important precursor for 
liquid crystalline polymers— with 75% selectivity. 

Miscno, Okuhara, et al.^'^^^^^ demonstrated that 
the insoluble salt CS25H05PW, which has a large 
surface area and strong add sites, is a promising 
sdid add catalyst for Friedel— Crafts reartions. In 
the alkylaticn cf l,3Strimethylbenzene by cydchex- 
ene, this salt was found to be more adive than the 
parent add PW.^ It was suggested that the higher 
hydrcphobidty of the Cs salt compared to HPA is 
beneficial for the adsorption of the nonpdar reading 
mdecules. In addition, it was claimed that the Cs+ 
cation could favorably change the softness of het- 
eropdyanion, thus enhandng the stabilization of the 
intermediate cydohexyl cation by the polyanicn. 

CszsHqsPW shows hiigh effidency in acylation of 
adivated arenes, such as p-xylene, anisde, mesity- 
lene, etc, by acetic and benzdc anhydrides and acyl 
chlorides (Table 5). This catalyst provides higher 
yields c£ acylated arenes than the parent PW, the 
latter being partly soluble in the reaction mixture.'^ 

Bulk and silica-supported tungsten HPAs are very 
effident and versatile catalysts fcr alkylaticn, dealky- 
laticn, andtransalkylaticn cf phends^'^i'® (eqs 18- 
20). Such readicns are widdy used for the prepa- 



>=< 




ration of antioxidants, bioadive substances as well 
as for positional protedion in organic synthesis. As 
found by Ktilikov et al., 1^ PWis much more active 
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Table & Alkylation of p-tert-Butylphenol (TBP) by 
Styrene Catalyzed by PWMCM-41«^'5 



catalyst 




selectivity, mol % 


I 


II 


other products 


PW 


23 


68 


9 


4CP/o PWA4CM-41 


66 


21 


13 


4C% PW/SiOs 


24 


64 


12 


^ 40wt % catalyst, in n-octane, 


105 °C, 9 


C%TBPcQnverslQn. 



than ccnventional catalysts, such as H2SO4, icn- 
exchange resin, aluminosilicates, etc., generally pro- 
viding higher yields of products. Even Nafion-H, a 
perflucrinated ion-exchange resin comparable in its 
add strength to 100% H2SO4, is less active than 

PW.146 

The tra735-de-ferf-butylaticn cf phenols (eq 20, 
where ArH = o-xylene) is first order with respect to 
both phenol and HPA.i^^ vVtth PW-SiOz catalysts, 
the rate depends dramatically on HPA loading. The 
rate based on the HPA weight increases with in- 
creasing HPA loading, passing a maximum at 30wt 
% HPA loading. This dependence is explained as a 
result of the competitive influence of enhancing the 
add strength and redudng the number of the surface 
proton sites as the HPA loading increases. In con- 
trast, the rate based on the amount of surface 
protons, increases mcnotcnously with HPA loading 
as the add strength increases. 

The alkylation of p-cresol with isobutene (eq 18i 
where R = CH3 and R' = C(CH3)3) with the use cf 
PW instead of H2SO4 has been commercialized in 
Russia.^ It is a step in the synthesis of antioxidants. 
The use of HPA provides the gain in selectivity cf 
7— 10% and almost completely eliminates tc3xic water 
pciluticn in the prccess. 

Phends can be alkylated with a terminally unsat- 
urated olefin pdymer in the presence of HPA. Thus 
ethylene /L-butene ccpolymer (Mi 3300) was used to 
alkylate phenol in r>dichlcrobenzene with PWpre- 
caldned at 300 °C as the catalyst. The alkylphencis 
so formed are useful as precursors fcr the preparation 
of fuel and lubricant additives. 

PW supported (20— 50wt %) on a mescporous piire- 
silic:a molecxilar sieve MCM-41, having 30 A uni- 
formly sized pores, exhibits a higher catalytic activity 
than H2SO4 or bulk PWand shows shape selectivity 
in alkylation of 4r f erf- butyl phenol with defins^^ (eq 
18; where R = C(CH3)3). In the alkylaticxi with 
st5n-ene, PWAICM-41 provides a higher yield of the 
mcnosubstituted product 2-(l-phenylethyl)-4rferf-bu- 
tylphenol (I) than bulk PW or PW supported on 
amorphous silic:a, at the expense of the more bulky 
disubstituted product 2&bis(l-phenylethyl)-4-ferf- 
butylphend (II) (Table ^. HPAMCM-41 may be a 
premising sciid add catalyst fcr conversicn and 
fcrmaticn of crganic ccmpounds of large mdecular 
size. 

3 EstBiification, Hydrolysis, and RelatBd Reactions 

There is a strong demand for new sdid add 
c:atalysts, having advanced characteristics, to replace 
ccnventional liquid and sdid catalysts, such as 
sulfuric add and ion-exchange resins, in the title 
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reactions. Sulfuric add, as already mentioned, 
pcDses serious environmental and operational prob- 
lems. Ad die ion-exciiange resins sucii as Amberlyst- 
15 are widely employed, but only at temperatures 
belc3w 100 °C due to their low thermal stability. It 
should be noted that in these readions in whicii 
water partidpates as a readant oc a produd, there 
are cnly a few sdid add catalysts that may meet the 
criteria of adivity and stability. As demcxistrated by 
Izumi et al.,ii i°^ certain supported HPA catalysts as 
well as insduble HPA salts have advantages as 
catalysts for liquid-phase readions in aqueous media 
because they are pradic:ally insduble, thermally 
more stable than addic resins and have strong 
addity. 

Active carbon strongly adsorbs a certain amount 
of HPA, and carbon-supported HPAs thus obtained 
catalyze liquid-phase esteriflc:ation and related reac- 
tions in pdar media. The maximum HPA leading 
tightly retained on carbcn in water or methand is 
^ 10 wt %, slightly depending on the type cf carbon 
and its pretreatment. The carbon-suppcrted PW 
catalyze the fcrmation cf butyl tert-hutyl ether frcm 
/7-butyl aloohd and tert-hutyl alccJid at 106 °C and 
the esteriflcation of acetic add with /3-butyl aladid 
at eO °C.ii Schwegler et al.^s applied this catalyst 
for the esterificaticn cf phthalic anhydride with Cs— 
Cio alcohds at 100- 120 °C to yidd dialkyl phtha- 
lates. In all these readions, the catalyst can be 
reused, no HPA leac±iing from carbcxi being observed. 
However, the carbon-supported HPA catalysts have 
a rather lew catalj^ic adivity because cf their weak 
addity. In addition, adive carbcn strcngly adsorbs 
pdar crganic substances whicJi makes the wcrk-up 
procedure mere difHcult. 

Dupcnt and Lefebvre^^ have studied the esterifl- 
cation of prcpandc add by butand or 2-ethylhexand 
catalyzed by SiW and PW pure or supported en 
carbcxi supports. In the homcgenecxis readicxi the 
reaction rate was proportional to the concentration 
cf protons. Accordingly, SiWshowed slightly higher 
adivity than PW. Carbon-supported HPAs in all 
cases exhibited lower activity than the pure HPAs, 
the adivity depending on the carbon support and the 
HPA loading. In addition, a deactivation occxirred 
during the recyding of these c:atalysts due to the 
leaching of HPA from support. 

Izumi et al.^°^ showed that the insoluble salt 
CszsHqsPWIs an adive sdid add catalyst fcr esteri- 
flcation and hydrdysis. Fcr example, it is much mere 
adive than zedite H-ZSM-5 fcr the hydrdysis cf 
ethyl acetate and esteriflc:ation of acetic add with 
ethand. However, Cs2.5H0.5PW consisting cf very 
fine partides (~ 10 nm), readily forms a colloidal 
sduticn in water or alcohol, whicii makes it insepa- 
rable by filtration. 

As reported recently, CS25H0.5PW and even PW 
itself, which is highly soluble in water, can be 
induded in the silic:a matrix by means of a sd— gel 
technique to be water insoluble and easily separable 
micrcpcrcxis sdid add catalysts. The catalysts thus 
obtained have large surface areas (400— 800 m^ g~ i) , 
strong addity and are thermally more stable than 
Amberlyst- 15 They effectively c:atalyze the hydrdy- 
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sis of ethyl acetate in aqueous phase, showing higher 
turnover rates than Amberlyst- 15 and H-ZSM-5 
Remarkably, the immobilization of PWinto the silica 
matrix effectively suppresses the HPA leaching to as 
low as 0.3%) during the hydrolysis reaction (GO °C, 3 
h). Note that in the case of the usual silica-supported 
PW catalyst, HPA completely dissolves in the reac- 
tion medium. Interestingly, the catalytic activity of 
the silica-included HPA is higher than the homoge- 
neous add. It is suggested that PWis entrapped in 
the silica network as a highly concentrated aqueous 
solution, and the silica network is probably narrow 
enough to prevent the Keggin anion from leaching 
outside. It is expected that silica-included heteropoly 
compounds may find wide applications to acid- 
catalyzed liquid-phase reactions in aqueous media as 
potential alternatives for H2SO4 and ion-exchange 
resins, 

In the acetoxylation of dihydromyrcene QDHM) (eq 
IQ, the 40% PWSi02 catalyst shows a comparable 
activity with the homogeneous PWcatalyst, while the 
selectivity of the solid catalyst is higher. The latter 
is probably because it is more difficult for a carbe- 
nium ion intermediate to isomerize on the catalyst 
surface than in solution. Wth a stoichiometric 1: 1 
DHM— AcOH mixture, no PW leaching from the 
catalyst was observed. The PW^SiOa catalyst can be 
reused; however, a gradual deactivation was ob- 
served. Bulk PWhad a very low activity, if any, 
probably due to the small surface area and the 
blocking of proton sites by DHM oligomers. 

Okuhara et al. reported that Cs^sHosPWis more 
active for liquid-phase cyclohexyl acetate decomposi- 
tion than such solid acid catalysts as Naflon-H, HY, 
and H-ZSM-5 zeolites, and S04^/Zr02. 

Timofeeva et al. found that the esterification of 
dipicolinic acid (DA) with butanol (eq 21), which is a 
step of the synthesis of pharmaceutics, is catalyzed 
by PWas well as by its insoluble salts. PW ( 1 wt %) 
as a homogeneous catalyst is almost as efficient as 
sulfuric acid, yielding 100% of the DA diester (118 
°C, 3h). The acidic Ce^ salt, Ceo.87HQ4PW; practi- 
cally insoluble in butane! , has been found to be fairly 
active as a heterogeneous catalyst to give a 100% 
yield of the DA diester (54 wt %, 118 °C, 4 h). 
Although less active than the parent HPA, CeQg^Q4- 
PWcan be easily separated and reused. Insoluble 
NH4+, K+, and Cs+ salts of PWshcwed only moderate 
activities in this reaction. 

Jl +2 BuOH — ► 

f\ +2H2O (21) 

4. Miscellaneous Reactions 

Silica-supported PWhas been found to be an active 
and recyclable catalyst for the Diels— Alder reaction 
(eq 22) in toluene medium, providing a 70-80% 
yield. The Ce^ salt, CeQg;HQ4PW showed a fairly 
high activity too, while CsasHasPWwas practically 
inactive. Bulk PW exhibited a very low activity 



probably due to the small surface area and site 
blocking by diene polymers. 




(22) 



///. IVkJltia)nponentPolyoxonwtalatBS in 
Liquid-Phase Oxidation 

The liquid-phase oxidation of organic substances 
catalyzed by polyoxometalates (POM) proceeds in 
homogeneous or biphasic systems, dioxygen, hydro- 
gen peroxide, alkylperoxides, etc., being applied as 
oxidants. In contrast to acid catalysis, where easily 
available classical Keggin-type HPAs dominate, in 
the liquid-phase oxidation, a wide variety of transi- 
tion metal-substituted heteropolyanions are used. 
Multicomponent POM redox catalysts are considered 
as robust oxidation-resistant inorganic metallopor- 
phyrin analogs. ^ 1^ The state of POMs in solution 
is generally complicated by a series of pH-dependent 
equilibria, involving a variety of polyanions and 
mononuclear metallospecies. These equilibria, with 
a few exceptions, are largely unknown. As a result, 
relatively little exact knowledge of mechanisms of 
POM-catalyzed oxidation is available. In this part, 
we will discuss oxidations with the use of the most 
important and environmentally benign oxidants— 
dioxygen and hydrogen peroxide. Several reviews on 
catalysis by POM in the liquid-phase oxidation have 
been published.^36 13 iQ i54 iss 

A. Oxidation with Dioxygen 

This section mainly reviews recent applications 
of Keggin-type mixed-addenda heteropolyanions 
PMoi2-„V„0"4d'^"'" (HPA-n) as catalysts for' aerobic 
liquid-phase oxidation. Here HPA-n can mean either 
anion or add as well as a partially protonated anion. 
The HPA-n catalytic system, discovered by Matveev 
et al.i'ise in the 197Cte, is the most effident and 
versatile one in the POM series for oxidation by 
O2.3 157- 159 Discussed are HPA-/3-catalyzed reactions 
in homogeneous, biphasic, and heterogeneous sys- 
tems as well as mechanistic aspects of the HPA-n 
catalysis. It should be noted that a HPA-n-based 
catalyst is used in industry for the gas-phase oxida- 
tion of methacrolein to methacrylic add. ^° Numerous 
attempts have been made to perform aerobic oxida- 
tions by other kinds of POM; for a review, see ref 16 

7. General Principles 

In liquid-phase oxidation, HPA-n with n = 2— 6 are 
used. These compounds are remarkable because they 
are the reversibly acting oxidants under mild condi- 
tions. ' -^ The presence of a certain number of V ions 
in the heteropolyanions is essential. Thus, the all- 
molybdenum anion PMoi^43'^ 04PA-C!) fails to pos- 
sess such redox properties under mild conditions; so 
does HPA- 1 for reasons that will be discussed later. 
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Generally reactions catalyzed by HPA-n proceed 
via a stepwise redox mechanism represented by eqs 
23 and 24: 

HPA-/7 + Red + /nH+ — H^CHPA-zi) + Qx (23 

H^(HPA-fl) + (m/4)02^HPA-fl+ (m/2)H20 (24) 

This mechanism includes stoichiometric m-electron 
oxidation of the substrate, Red, by HP An to form the 
product, Qx, followed by reoxidation of the reduced 
form of the oxidant, HmO^PA-n), with di oxygen, 
where H^^PA-n) = H™(PMol2-^^V^™^Vm4+)(3^-")-. 
Actually, it is the V4+ transformation that is 

responsible for the redox properties of HPA-/7. The 
reduction of HPA-n in solution is accompanied by 
protonation to maintain the charge of the polyanion. 
In aqueous solution, HPA-n are generally used in the 
pH range from 0.5 to 35; where they are relatively 
stable. 

Operationally, reactions 23 and 24 can be carried 
out in the same reactor (one-stage process) or sepa- 
rately as a combination of two stoichiometric reac- 
tions (two-stage process). Thus HPA-n combines 
the advantages of stoichiometric and catalytic oxida- 
tions. 

As the catalysts, either one-component or two- and 
multicomponent systems are used. The most impor- 
tant two-component system includes HPA-n and Pd- 
(II). Other two-component systems are also known, 
e.g., those including complexes of Pt, Ir, Ru, etc.^^ 

The thermodynamic condition for the occurrence 
of reactions 23 and 24 can be represented using redox 
potentials of the substrate, HPA-/7, and dioxygen: 
E(Red) < E(HPA-n) < E{0^ = 1.23 V.^ The redox 
potential EQ-lPA-ri) is Q7 V vs normal hydrogen 
electrode (NHE) for HPA-n with n = 1-4 at pH 1. 1«3 
Hence the above condition fulfills for a wide variety 
of organic substrates as well as for many inorganic 
redox systems to be used as cocatalysts with HPA-/7. 
Some other POM having similar properties, e.g., 
PMoeWe-^, can also be used for this purpose. 

2. Homogeneous Oxidation 

One-Component HPA-/J System. A range of 
hydrocarbons can be homogeneously oxidized with 
HPA-n as a catalyst under mild conditions. HPA-n 
catalyzes the oxidation of alkanes to oxygenates by 
O2. Arzamaskova et al.i^i and Geletii and Shilovi'^ 
reported the oxidation of alkanes by HPA-6 under 
mild conditions in the presence Ru([II), Ir([II), and 
Pt(II). More recently Lyons et al. '^have oxidized 
alkanes by O2 with HPA-n as one-component cata- 
lyst. For example, propane is oxidized in an AcOH- 
H^ solution in the presence of HPA-n at 150 °C to 
give a mixture of isopropyl alcohol and acetone in 
42% and 52% selectivity, respectively (eq 23). The 

CH:^H(OH)CH3+CH:^OCH3 (2^ 

mixed-addenda HPA-n are more efficient catalysts 
than the all-molybdenum heteropolyanions. Other 
types of POM are also active, e.g., a trisubstituted 



Keggin anion PWgFezNiOsT^". As shown by M- 
zuno et al.,^^ this polyanion also catalyzes the 
oxidation of cyclohexane, adamantane, cyclohexene, 
and ethylbenzene. Neumann et al. reported that 
a new Ru^-substituted POM, (WZnRu2)(OH)(HiP)- 
(Zh\A^I)3^2^^~, catalyzes the hydroxylation of alkanes 
byOs. 

Many synthetically attractive oxidations of hydro- 
carbons have been developed to date. For example, 
highly efficient dehydrogenations with HPA-2in CH2- 
CICH2CI /detraglyme solution have been reported by 
Neumann et al. Thus reaction 26 yields 98% 
anthracene (70 °C, 16 h). 



\] + I/2O2 — 



f 2H2O 



The HPA-2-catalyzed dehydrogenation of a-ter- 
pinene to p-cymene in acetonitrile solution was found 
to be zero order in a-terpinene, first order in dioxy- 
gen, and second order in HPA-2 On the basis 
of these kinetic results and spectroscopic data, a 
reaction scheme was formulated. The scheme in- 
volves the formation of a stable substrate— catalyst 
complex in the catalyst reduction stage (eq 23 and 
a //-peroxo catalyst intermediate in the catalyst 
reoxidation stage (eq 2/^ where dioxygen is reduced 
in a four-electron redox reaction. However the above 
kinetic evidence may not be sufficient to support the 
u-peroxo catalyst intermediate. 

Oxidation of 2-methylnaphthalene to quinone (eq 
27) is a step of the vitamin K3 synthesis. In industry 




(27) 

it is carried out with highly toxic CrOs as a stoichio- 
metric oxidant with a low yield (-5C%). Wth HPA- 
n, we have succeeded to carry out the catalytic 
oxidation in AcOH-HgO solution at 120- 140 °C with 
82% selectivity at 78% conversion. 

Gorodetskaya et al. ™ reported oxidative bromina- 
tion of a range of aromatics catalyzed by HPA-n with 
HBr as a brominating agent and O2 as a terminal 
oxidant. More recently Neumann et al. reported 
the oxidative bromination of phenols in the para 
position (eq 2^ in a homogeneous HPA-Z-CW^JZXCW^r 
CI— tetraglyme system with a remarkably high 99% 
yield (20 °C, 5h). 

OH 



6 



HBr + 1/2 O2 ► 



(28) 

Ishii et al. have studied a number of oxidations 
with Ozin the presence of an aldehyde, e.g., 2-me- 
thylpropanal, as a sacrificial reductant and ^H^sH^ 
PMo6Vd043 as a catalyst in dichlca"oethane solution. 
(The addition of aldehydes is a well-known method 
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to promote the liquid-phase free-radical oxidation of 
organic compounds by Oa many metal complexes, 
e.g., Co^, Mn^, Cu^+, Fe^, etc., can initiate such 
reactions. 1^ Thus the epoxidation of deflns pro- 
ceeds at 25 °C with a very high selectivity of 81— 
lOCP/o (eq 29). 

alkene + (+ RCHO) — 

epoxide (+ RCOOH) (2^ 

A carboxylic acid as a cooxidation product is also 
formed. In addition, the Baeyer— Villiger oxidation 
of cyclic ketones to lactones was accomplished with 
78-87% selectivity by using benzaldehyde as the 
sacrificial aldehyde (25 °C, 20 h, 1 atm O2). These 
reactions may be synthetically useful if the carboxylic 
acid is a useful product, provided a less harmful 
solvent instead of CH^1CH2C1 is employed. 

Mizuno et al. '^'^ reported that the selective epoxi- 
dation of olefins by O2 in the presence of an aldehyde 
is also catalyzed at 25 °C by transition metal- 
substituted 12-tungstophosphates, PWuOaglVP^, where 
M = Co, Mn, Fe, Cu, or Ni, whose activity decreases 
in that order. The order of the effectiveness of the 
aldehydes is: pivalaldehyde > isobutyraldehyde > > 
butyraldehyde > acetaldehyde > valeraldehyde > 
benzaldehyde. The catalytic activity of POMs is 
solvent dependent. Thus the activity of PWnCo 
decreases in the series: CHCI3 > CH^h > 
CI2 > CH3CN > CeHe > DMF > DMSO. POM- 
catalyzed co-oxidative epoxidation of olefins with 02 
in the presence of aldehyde apparently proceeds by 
a radical-chain mechanism. ^''^ 

A variety of oxygenates, e.g., aldehydes, ketones, 
phenols, etc., can be oxidized with HPA-n under mild 
conditions with very good yields. Bregeault et al. 
reported the oxidative cleavage of cydic ketones. For 
example, the cleavage of 2-methylcyclohexanone is 
catalyzed by HPA-4in aqueous solution to yield 97% 
of ketoacid (60 °C, 8 h) (eq 30). HPA-/3-catalyzed 



oxidation of cyclohexanone to adipic add was studied 
as an alternative to the industrial nitric add oxida- 
tion. The reaction was found to be solvent depend- 
ent, aqueous acetic add being the best solvent, 
yielding 50% adipic add together with 19% glutaric 
and 3%) succinic acids at 99% cyclohexanone conver- 
sion (HPA-4, latm O2, 70 °C, 7h). Moreover, adipic 
add was stable to degradation by HPA-nXDz system. 
The advantage of this system, compared to the nitric 
acid oxidation, is less corrosion and no nitric oxides 
evolved. However the selectivity to adipic add is still 
not high enough. 

Ishii et al. studied the oxidation of aldehydes to 
carboxylic adds with the use of the NH4+ salt of 
HPA-6as a catalyst (eq 31). The reaction proceeds 
under very mild conditions (25 °C, 1 h) in dlchloro- 
ethane with 96- 10C% selectivity at 60-78% alde- 
hyde conversion. 



Neumann et al. ™ and ourselves ™- reported 
oxidations of alkylphenols. The oxidation of 235- 
trimethylphenol (TMP) to trimethylbenzoquinone 
(TMBQ) (eq 32) is of practical interest as a step to 
synthesize vitamin E. This reaction yields TMBQ 
with 86% selectivity at 100% TMP conversion (HPA- 
4, AcOH-HjP, 50 °C).™ 




OH 



The oxidative coupling of 26-dialkylphenQls to 
diphenoquinones (eq 3^ catalyzed by copper amine 
complexes is used for the synthesis of antioxidants. 

OH 

In this reaction, HPA-n shows a higher activity than 
copper complexes. The oxidative coupling proceeds 
in H2P, AcOH-HjP, or MeOH-H20 as solvents at 25- 
50 °C under O2 pressure of 1—5 atm. Diphenoquino- 
nes, insoluble under these conditions, can be readily 
isolated from the reaction mixture by crystallization. 
Thus, 22',6i6-tetramethyl- and 22'6i6-tetra-terf- 
butyldiphenoquinones have been obtained in a nearly 
10C5% yield. The catalyst can be recyded without loss 
of its activity. ™ 

Oxidation of sulfur compounds can be effidently 
carried out with HPA-n. For example, the oxidation 
of H2S to sulfur and thioethers to sulfoxides and 
sulfones proceeds with nearly 100?6 yield. Harrup 
and HilP^ have reported POM-based catalytic 
systems-ZnPWiiOsQ^, SiWnOag®", ZnSiWnO^j^, 
NaPsWacOiio'^". etc.— for the selective aerobic oxida- 
tion of H2S in aqueous solution to yield a high purity 
(>99l^) sulfur. Selective oxidation of tetrahy- 
drothiophene to the corresponding sulfoxide by O2 
was achieved in high selectivity (>99%) at 95 °C in 
the presence of HPA-2 as catalyst. A range of 
POMs catalyze the selective oxidation of thioethers 
to the corresponding sulfoxides by ferf-butyl hydro- 
peroxide at 25°C, HPA-2 being particularly selective 
(>99.G%). 1^ A mechanism, induding outer-sphere 
electron transfer from thioether to POM, is sug- 



RCHO + V2O2 RCOOH 



(31) 



Another interesting field is the application of 
HPA-n redox catalysis for environmentally benign 
delignifying wood pulp. Lignin— a complex poly- 
mer derived from aromatic alcohols— is, besides cel- 
lulose, one of the main constituents of wood. Delig- 
niflcation is a step in manufacturing paper. Currently, 
it is typically done by treatment of the pulp by 
chlorine at a low pH, which poses a great environ- 
mental concern. Weinstock, Hill et al.^^have de- 
veloped a new method of removing residual lignin 
from wood pulp consisting of oxidative degradation 
of lignin by POMs, e.g., HPA-2 followed by separa- 
tion of bleached pulp and reoxidation of the reduced 



Catalysis by Heterapoly Acids 

POM by a nonpolluting oxidant, e.g., air, O2, H2O2, 
etc. The process can be represented by eqs 23 and 
24 where Red is now the pulp and Qx is the bleached 
pulp. The net reaction is the selective oxidative 
removal of lignin from wood yielding only high 
quality cellulose, CO2 and H^: 

wood (cellulose + lignin) + 03^ 

cellulose + CO2+ Hp 

As such, the method allows production of a paper- 
quality bleached pulp and is claimed to be an effective 
alternative to the chlorine bleaching. 
Two-Campanent System HPA-n + Pd(II). The 

two-component redox system HPA-n -I- Pd(ll)^^^^^ 
has attracted considerable attention. A wide variety 
of stoichiometric oxidations of organic compounds 
(RH2), e.g., olefins, alcohols, arenes, etc., by Pd(II) can 
be carried out catalytically with the use of HPA-n as 
a cocatalyst and O2 as an oxidant^"^ (eq 34). 



RH2+ VOo^P + HoO 



(34) 



Generally, such reactions proceed via a stepwise 
redox mechanism (eq 35). It is analogous to the 



RHa' 



Pd(0) 



H2(HPA-n) 



H2O 



Wacker-type oxidation with CuCl2— PdCl2 as the 
catalyst. But the HPA-n + Pd(II) catalyst can work 
in the absence of or at a very low concentration of 
Cr ions. Consequently, it has the advantage of being 
higher selective and less corrosive. ^ 

Most interesting is the application of the HPA-n 
-t- Pd0I) system for Wkcker-type oxidation of olefins 
(eq 3^: 



RCH=CH2 + RCOCHg 



(3^ 



The Wicker process is industrially employed for 
manufacturing acetaldehyde from ethylene and ac- 
etone from propylene. The CUCI2 + PdCla redox 
system is used as a catalyst. However, this process 
has several drawbacks such as formation of chlori- 
nated byproducts and strong corrosion of the reaction 
vessel. So the development of chloride-free oxidants 
to replace CUCI2 has long been a challenge. 
Matveev ^ proposed the use of HPA-n as chloride- 
free oxidant in the Wacker reaction. The oxidation 
of ethylene can be represented by eqs 37—39 

C2H4+Pdai) + H20^ 

CH3CHO+Pd(0) + 2H+ (37) 

Pd(q + HPA-n +2H+^ 

Pdai) + H2(HPA-n) (3^ 
H2(HPA-n) + 1^02 HPA-n + H2O (3^ 
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Table 7. Catalyst Solutions for V\^cker Oxidation of 
Ethylene to Acetaldehyde'^' 



catalytica' 


s system 


CuCl2 


> -1- PdCl2 system 




pdai) 

cr 

PMoioV^P*^ 


0. ImM 

5-25mM 

Q3M 


Pd([I) 

cr 

CuCl2 


10 mM 

2M 

IM 



Catalytica has recently developed new technol- 
ogy for the W&cker oxidation of ethylene and higher 
olefins with the use of the HPA-n + Pd(II) system. 
In order to enhance the reaction rate and stabilize 
Pd(II) in solution, the reaction is still carried out in 
the presence of Cl~ ions, but at a very low concentra- 
tion, much lower than in the conventional V^cker 
process (Table 7). In Catalytica 's process, over 99% 
of the production of chlorinated byproducts is elimi- 
nated, decreasing to less than 0.01% yield on ethyl- 
ene. The practical production of aqueous HPA-n, for 
use at large scale as well as in the laboratory, and 
the reoxidation of aqueous reduced HPA-n by O2 has 
been described. 

Multicomponent Systems. Three-component re- 
dox system, including HPA-n, hydroquinone (HQ), 
and Pd(II), was found to be an efficient homogeneous 
catalyst for Whcker-type oxidation of alkenes. '-'^ 
In this system, HPA-/; smoothly oxidizes HQ to 
benzoquinone; the latter is known ' to rapidly oxidize 
Pd(0) to Pd(II), thus greatly enhancing the overall 
reaction rate. Addition of Cu(II) to the HPA-n Pd- 
(11) redox system can also benefit Whicker type oxida 
tion'-'-'^ (see below). 

Pd(II) + HPA-n is an efficient homogeneous cata- 
lyst for the oxidative coupling of arenes (ArH) which 
is a useful route to the synthesis of biphenyl deriva- 
tives. For a review, see ref 194 Hg(II) is often 

2ArH + Ar-Ar + H2O 

employed as a promoter in the coupling of alkylben- 
zenes to improve activity and selectivity to 44'- 
isomers. Recently the oxidative coupling of methyl 
benzoate catalyzed by Pd(OAc)2 + HPA-n, yielding 
^Z-biphenic add dimethyl ester with unusually high 
selectivity (8C%), has been reported. An ortho 
cyclopalladated intermediate is suggested to be re- 
sponsible for this. Addition of Hg(OAc)2 increased 
greatly the conversion of methyl benzoate without 
impairing the selectivity to the Z2'-isomer. 

3. Biphasic Oxidation 

The advantage of biphasic systems is that they 
combine a catalytic reaction and product separation 
in one unit, allowing difficult separation problem to 
be avoided. Like in add catalysis discussed earlier, 
polyoxometalates can be profitably used as catalysts 
for oxidation in biphasic systems. 

Matveev et al. reported two-stage oxidation of 
2-methyl- 1-naphthol to menadione in a high yield 
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with space-separated steps (eqs 40and 41). Step 40 



OH 




H^(HPA-/3) + (m/4)02^HPA-/3+ {m^HzO (41) 

is carried out in a water— hydrocarbon two-phase 
system at 50 °C with 89% yield of menadione at a 
100%) naphthol conversion. This is a promising 
alternative to the conventional synthesis of vitamin 
K3 by oxidizing 2-methylnaphthalene with CrOa. 
2-Methyl- 1-naphthol can be produced in a high yield 
by a heterogeneously catalyzed gas-phase alkylation 
of naphthalene by methanol. 

Wfe have developed the efficient one-stage oxida- 
tion of TMP to yield 84% IMBQ at a 100% TMP 
conversicn in a two-phase system at 50 °C and 1 atm 
O2 pressure (eq 32). The catalyst (lower) phase is a 
HPA-4 solution in AcOH-H^. The upper phase is 
a TMP -I- TMBQ solution in a hydrocarbon solvent, 
e.g., heptane, benzene, etc. 

Monflier et al.^^ reported the biphasic Y'Vkcker 
oxidation of 1-decene to 2-decanane at 80 °C with 
excellent yield (98%) and practically no double-bond 
migration (eq 42). In this case, the catalyst (lower) 




phase is a three-component system, containing Pd- 
(11), HPA-Q and Cu(ll) in an aqueous solution, where 
Cu(ll) is suggested to promote the Pd reoxidation. 
/^-Cyclodextrin as a phase-transfer catalyst is used; 
apparently it transfers 1-decene to the aqueous phase 
by a host— guest interaction. However, no evidence 
on the integrity of /^-cyclodextrin during the reaction 
course was provided. 

4. Heterogeneously Catalyzed Oxidation 

Heterogenized HPA-n catalysts have attracted 
considerable interest. Both liquid- and gas-phase 
reactions have been studied. 

Liquid-Phase Oxidation. Neumann et al.>* 
reported the liquid-phase oxidative dehydrogenation 
of benzylic alcohols and amines catalyzed by carbon- 
supported HPA-r3 in toluene at 100 °C with excellent 
yields (94— 100%). The oxidation of benzylic alcohols 
to benzaldehydes (eq 43) proceeds without overoxi- 
dation to carboxylic acids. Reaction 44 proceeds via 
the oxidative dehydrogenation of benzyl amine to 
imine, ArCH=NH, followed by the hydrolysis of the 
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imine to form benzaldehyde, and, finally, the interac- 
tion between the imine and benzaldehyde yields a 
Schiff base. 

ArCHpH + ^^02 — ArCHO + HgO (43) 
ArCHaNHg + O2 — ArCH=NCH2Ar (4^ 

Jansen^i applied HPA-/7 (/7 = 2 3 supported on a 
variety of chemically modified carbon supports as 
catalysts for the oxidation of TMP to TMBQ (eq 32) 
in polar media. 

Ishii et al. studied the aerobic oxidation of 
various organic compounds catalyzed by a carbon- 
supported (10%) NH4+ salt of HPA-/3with the average 
composition (NH4)5H6PMo4V^4d. This catalyst 
showed high catalytic activity for the oxidative de- 
hydrogenation of benzylic and allylic alcohols to the 
corresponding aldehydes and ketones (46- 92% yield) 
in toluene. The catalyst can be recycled without loss 
of its activity. In contrast, the nonsupported catalyst 
was inactive for the same oxidation under the same 
conditions. The enhancement of catalytic activity by 
supporting POM on the active carbon is believed to 
be due to the higher concentration of substrates and 
oxygen by the adsorption in the vidnity of the active 
site. In addition, the active carbon could be a good 
mediator of the electron transfer in redox steps 
involved in the catalytic process. It should be noted, 
however, that the supported catalyst has greater 
surface area compared to the bulk POM, which may 
be the major reason for the greater activity of the 
supported system. Other aerobic oxidations, such as 
the oxidation of phenols and amines, have also been 
examined. In the case of reactions in polar media 
a significant leaching of POM from the active carbon 
was observed. Thus in the oxidation of TMP to 
TMBQ (eq 32) in AcOH-HgO, 7% of POM supported 
on acti\e carbon eluted from the support in the 
solvent , which might give rise to the homogeneously 
catalyzed reaction. Although the recycled catalyst 
showed almost the same performance as the original 
one, it is not sufficient to exclude the homogeneous 
reaction. The best way to examine the rede of 
homogeneous catalysis in a liquid— solid system is to 
check the activity of the filtrate obtained at the 
reaction temperature. 

Gas-Phase Ctoddation. Attempts have been made 
to apply a solid two-component Pd(II) -l- HPA-zi 
system in the gas-phase Wkcker oxidation and re- 
lated reactions. These reactions have usually been 
carried out in the presence of steam. Mechanisti- 
cally, they can be considered as pseudohomogeneous, 
i.e., occurring in the liquid catalyst phase entrapped 
in a support. As a support, silica is often used, which 
is relatively inert toward POM. Real mechanisms, 
however, may be more complex, but little data is 
available so far. There are two main problems in 
applying this system to the gas-phase oxidation: ( 1) 
the reoxidation of the catalyst by O2 proceeds much 
slower than in solution and (2) the catalyst is rapidly 
deactivated probably due to aggregation of palladium. 



Catalysis by Heterapoly Adds 

The heterogeneous oxidation of butene to methyl 
ethyl ketone (eq 4^ is a challenging goal.^^^ 

fl-C4H8+ ^^02^CH3CH2COCH3 (4^ 

Stobbe-Kreemers et al.^ have studied this reaction 
catalyzed by the solid Pd(II) + HPA-n system at 70 
°C. Not only HPA-n but also their Cu^+, Ni2-, Pd^-, 
and Cs+ salts have been used. A strong catalyst 
deactivation was observed: the conversion of butene 
dropped lO-fcJd from 60% to &/o after 1 h on stream, 
while the selectivity decreased less dramatically, only 
from 98% to 90%. 

Recently, Nowinska et al.^ reported quite a stable 
activity in the oxidation of ethylene to acetaldehyde 
with a Mn2+-promoted catalyst, (PdCb + Mn2+-|- 
HPA-2)SiOz. After 50 h on stream at 70 °C, a 
constant 98% selectivity at 80% ethylene conversion 
was observed. Wthout palladium, HPA- 2 supported 
on silica or T-alumina catalyzes the direct gas-phase 
oxidation of ethylene to acetic acid at 230 °C with 
about 5C% selectivity at 5^ conversion, COg as the 
major byproduct being formed.^ 

Vdkova et al.^ reported that (PdCh + HPA-^/ 
Si02 catalyzes the oxidation of methane and other 
alkanes by O2 at 3CO °C. Thus CH4 is converted to 
CH^l and CO^ with selectivities of 20 and 23%, 
respectively. No reaction occurs without PdCl2. 
HPA-6 is suggested to mediate the reoxidation of 
reduced palladium by O2. The relative oxidation rate 
increases in the series of alkanes: CH4 (0. 14) < C-Jrie 
(1.0) < C3H8 (ZO) < i-C^Hio (22) < /i-C4Hio (34) < 
cydopentane = cydohexane (68) < n-C^iz 

(7.^.205 

The oxidation of CO to CQ2 catalyzed by supported 
Pd0I) + HPA-n catalysts was reported by Pavlova 
et al.206 (eq 4Q: 
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CO+ WzOz^COz 



The (1.5% Pd(II) +7.5% HPA-r!)>Si02 catalyst was 
found to be more active than Pd/Ti02 and Pd>Si02 at 
30 °C. But eventually the catalyst was irreversibly 
deactivated. 

5. Mechanism 

Despite the importance and versatility of redox 
reactions catalyzed by HPA-n, there is only limited 
information about their mechanisms. HPA-n in 
solution is an extremely complex system, and the 
higher the n value, the more complex the system. The 
HPA-n solutions contain a great number of polyan- 
ions, their positional isomers as well as monomeric 
metallospedes.sis'^ Figure 9 shows the ^ip NMR 
spectrum for HPA- 4 aqueous solution, which was 
used as the catalyst for oxidation of TMP to TMBQ. ^ 
As seen, this system contains heteropcJyanions with 
one, two, three, and four Vions. Moreover, each type 
is represented by an array of positional isomers. 
Such a complexity makes mechanistic studies very 
difficult. Much work has been done on the charac- 
terization of the HPA-n solutions, going back to the 
studies by Souchay,^'*^ Pope, and Matveev^--^ and 
co-workers. Recently Pettersson et al.^ have fully 



Figure a 162 MHz 3ip NMR spectrum for 0.2 M NasHg- 
PM08V4OC) aqueous solution (pH 2. 5, 1% H3PO4 as external 

reference). 

characterized the HPA-2 solutions by potentiometry 
and 3ip and NMR. This is a relatively simple 
and stable system, which is used in Catalytica's new 
technology for the Y'Vkcker oxidation of olefins. Yet 
it consists of five positional a-isomers and some 
/3-isomers of PMoioV204o^. 

As stated earlier, the overall catalytic process can 
be represented schematically by steps 23 and 24 The 
question is what is the mechanism of these steps? 
Wiat kind of active species is involved? In step 23 
two types of active species can be considered— the 
monomeric VO2+ cation (and/6r complexes thereof) 
and heteropolyanions.^ The VO2+ cation is formed 
via the dissodation of parent HPA-n (eq 47). It is 
likely for HPA-n with higher n and in strongly acidic 
media. There is evidence that V02^ is the active 
spedes in the oxidation of TMP (ArOH) to TMBQ (eq 
32). The reartion mechanism can be represented by 
eqs 47-52.180 



HPA-fl — VO2+ + HPA-(n- 1) 



(47) 



VO/ + ArOH + H+ — 



ArO" + V02+ + Hp (4^ 

Ara ^ TMBQ (4^ 

VO^+ + HPA-n + H2O — 

VO2+ + H (HPA-n) + H+ (50) 



VO^ + HPA- (n- 1) + H+ — H (HPA-n) (5 1) 
4H (HPA-n) + 02^ 4HP A n + 2H2O (52) 
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Table 8 One- vs. Two-Electron Oxidation of 
t-Bu(Ph)CHOH«2io 



oxidant PdCla 


Ce4+ SaOg^- VQ2+ PMo6Ve04D^ 


ketone, % 100 


6 6 11 67 


PhCHO, % 


94 89 63 33 


^ Yields (mol %) on 


converted alcohol; a little PhCOOH also 


formed. 





The rate-determining step is probably cne-electron 
oxidation of the phenol by V02^ to form phenoxyl 
radical and VO^^ (eq 4^. Subsequent transforma- 
tions of the phenoxyl radical give TMBQ. VO^^ 
either interacts with HPA-n by electron transfer (eq 
50) or enters the lacunary species HPA-(n- 1) (eq 51) 
to form the reduced heteropolyanion H (HPA-n). 
Eventually, H(HPA-/3) is oxidized by O2 (eq 52) by a 
multielectron-transfer mechanism which will be dis- 
cussed later. It should be noted that the free VO^^ 
ion is not oxidized by O2 in addic solution. 

Interestingly, the tungsten analogs of HPA-n, 
PWi2-nVj,04D'^"^~, which are much less labile than 
PMoi2-nVn04o''^"'~ in aqueous solution,^ showed a 
very low activity in the oxidation of TMP^^ as well 
as in some other reactions, e.g., in oxidation of HaS.^ 
A possible reason for this is that in the case of 
PWi2-r,V„, reactions 47 and 51 are too slow. 

Besides VOz^, parent heteropolyanions can be the 
active spedes in step 23^ It is likely in the case of 
more stable polyanions with fewer ions (e.g., 
HP A 2). Since the heteropolyanions are multielec- 
tron oxidants, they can, in principle, react via a 
multielectron transfer mechanism. In this sense, the 
oxidation of a test alcohol tBu(Ph)CHOH is of 
interest^io (eq 5^. 

•C(CH3)3+ PhCHO — 

PhCH(OH)C(CH3)3— PhC(=0)C(CH3)3 (53 

With two-electron oxidants, e.g., Pd(II), this alcohol 
gives a ketone with the same carbon backbone. Wth 
one-electron oxidants, e.g., Ce'*'^ and persulfate, the 
C— C bond cleaves to yield benzaldehyde and tert- 
butyl radical as the primary products (Table ^. It 
is seen that V02^ reacts as one-electron oxidant, as 
expected, yielding 63% benzaldehyde. In contrast, 
HPA-6 predominantly reacts as a two-electron oxi- 
dant, giving the ketone in 67% yield; simultaneously 
a one-electron oxidation, probably by V02^ ions, also 
takes place to give benzaldehyde (33%). This may 
indicate a direct involvement of heteropolyanions in 
reaction 53 

Efforts have been made to clarify the mechanism 
of oxidation of the reduced form of HPA-n ("blue") 
by O2 in solution (eq 24).^ However, the complex- 
ity of the system makes conclusions rather specula- 
tive. Below are given redox reactions involved in the 
reduction of dioxygen in an addic aqueous solution 
together with the corresponding redox potentials 
(versus NHE, pH Q.^^^ These data allow to make a 
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thermodynamic assessment as to how the oxidation 
of bues may proceed. 



O2 + e" + H+ ^ HO2 


E = 


-0.05 V 


O2 + 2e" + 2H+ H2O2 


E = 


068V 


O2+ 4e~ + 4H+ — 2H2O 


E = 


1.23V 


H02+e- + H+ — H2O2 


E = 


1.44V 


H2O2 + e~ + H+ ^ HO + H2O 


E = 


0.71V 


H2O2 + 2e- + 2H+ — 2H2O 


E = 


1.76 V 


HO+e~ + H+ — H2O 


E = 


Z81V 



It can be seen that O2 is a rather poor one-electron 
oxidant. One-electron oxidation of the reduced HPA-n 
{E= 0.7 V) with O2 to form HO2 radical is highly 
unfavorable thermodynamically. However two-, 
three-, or four-electron oxidations are feasible. Con- 
sequently, the HP A- 1 blue, PMo„V4+04d'*", is practi- 
cally not oxidized by O2 under mild conditions in 
solution. The all-molybdenum HP AO blue is not 
oxidized either. For these reasons, HPA-n with n > 
1 are used as catalysts for liquid-phase oxidations. 
Note, however, that the reoxidation of HPA-0 and 
HP A- 1 by O2 proceeds readily at higher tempera- 
tures, >200 °C, which allows them to be applied 
under such conditions for gas-phase oxidations, e.g., 
the oxidation of methacrolein and oxidative dehydro- 
genation of isobutyric add.^^^°'^2 

Apparently, the mechanism of step 24 depends on 
the degree of reduction of the blue. The oxidation of 
a deeply reduced blue {n > 4, all the V present 
reduced to V*+) follows a simple kinetics: first order 
in both the blue and Oa.^'^ In the presence of a 
radical scavenger, i-PrOH, no acetone was found. 
This may indicate that no free radicals are formed 
during the reaction. (However, the formation of short 
lived free radicals is not excluded.) Hence a four- 
electron-transfer mechanism was proposed, including 
the formation of a complex between the blue and O2 
followed by a stepwise four-electron transfer therein 
(eq 54).^'^ Each electron-transfer step is probably 
accompanied by the protonation of the oxidant. 

H„,(HPA-n) + 02^ 

{H„(HPA-n)-02}— ^ 

H^4(HPA-n) + 2H2O (54) 

In contrast, the oxidation of a weakly reduced blue 
(by less than one elertron per Keggin unit) shows a 
more complex behavior. This system is adequate 
to a real one-stage process. For simplicity, it can be 
considered as one consisting of two spedes: one- 
electron blue, H(HPA-n), and HPA-n; [H (HPA-n)] y{- 
[H^PA-n)] + [HPA-n]} < < 1. Under such condi- 
tions, the rate of oxidation of blues is in the 
sequence: HPA-2 < HPA-3 > HPA-4 > HPA-6 In 
the case of the HPA-3blue, at a constant pH and ionic 
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strength, the reaction was found to be third-order in 
H(HPA-r3), minus second order in the HPA-n and first 
order in O2. The test with i-PrOH clearly showed 
the formation of free radicals. Qn these bases, a 
mechanism was proposed, which is represented for 
the HPA-3blue by eqs 55-58 

2PMo9V2^V^ — PMo9V^V/+ + PMogVs^ (5^ 
PMo9V^V/+ + PMo9V2^V^+ — 

PMOgVg'^ + PMOgVa^ (5^ 

PMOgVg'*^ + O2 + 3H+ ' ^^2' ■ 

PMogVg^ + HgO+HO (57) 

PMo9V2^V''+ + HO + H+ — 

PMogVa^ + HgO (5^ 

In steps 55 and 56; a three-electron blue is formed 
by the fast electron exchange between one-electron 
blues. Then the three-electron blue is slowly oxidized 
by 02via a stepwise transfer of three electrons from 
the blue to O2, accompanied by the protonation of the 
oxidant, to form HO radical, which is finally trapped 
by any V^^ species. ^^-^ 

Further, it was found that the free radicals gener- 
ated in step 24 can, to some extent, affect the 
selectivity of the one-stage catalytic process. But 
obviously, they will do no harm in the case of the two- 
stage process. 

Several types of intermediate complexes between 
a reduced POM and Ozhave been suggested. 1^213215 
As HPA-n is labile, easily exchanging oxygen atoms 
in the polyanion with aqueous solution, we pro- 
posed the formation of an adduct with the direct 
bonding of O2 to the ion in the HPA-n blue by 
incorporating O2 into a coordination vacancy at the 
V*^ ion.^i^ Neumann and Levin suggested a fi-per- 
0x0 intermediate involving two polyanions and di- 
oxygen in the HPA-2reQxidation. For tungsten blues, 
e.g., SiWi^4D^, which are inert toward oxygen 
exchange, an association of Qawith POM through the 
terminal or bridging oxygen atom in the Keggin 
structure, forming an ozonide-type adduct, or a 
7-coordinate peroxo moiety was suggested. 

A mechanism involving a covalently bonded metal- 
oxygen intermediate would lead to O2 incorporation 
into the polyanion. Recently Duncan and Hill^^® 
quantified by ^^O NMR the incorporation of '^O from 
i702in the oxidation of reduced WicP32'*", PzWifPe^, 
and HPA-2 in CH:^:N solution. In the case of 
tungsten POMs, no ^^O incorporation into polyanion 
was found; nor did ^^O exchange occur between the 
POMs and solvent. All the i^O is found in H2O and 
H^2 formed in the reaction. These data rule out the 
formation of covalently bonded metal— oxygen inter- 
mediates in the case of tungsten POM and are 
consistent with an outer-sphere electron transfer 
between 02and reduced POM.^^^ Such a mechanism 
is, indeed, likely from the thermodynamic point 
of view for POMs such as Hz^i^O^d^, WidOaa^", 
SiWi^4D^~, etc., having the redox potential E f« O 



In contrast, the case for HPA-2 is not clear as 
that for tungsten POMs. For HPA-2 the i^O incor- 
poration was measured in the HPA-2-catalyzed oxi- 
dation of 1, 3-cyclohexadiene with ^^Oa In this sys- 
tem, some ^^O did incorporate into the POM as well 
as the ^^O exchange between the POM and solvent 
took place. The total POM enrichment represented 
G% of all ^^O products. Kinetic measurements indi- 
cated that the ^^O enrichment mainly occurred by the 
exchange between the product H2'^0 and POM 
These data, too, may be considered as inconsistent 
with a covalent-bonded metal— oxygen intermedi- 
ate.^'^ However, if the oxidation in question were a 
radical chain process, reactions 23and 24 would play 
only a minor role in the overall O2 consumption. In 
this case, indeed, the '^O exchange between POM and 
the product H2'^0 would contribute the most to the 
'^O enrichment of POM regardless of the mechanism 
of reaction 24 

Kozhevnikov and Khcddeeva^''^ have studied the 
kinetics of a number of one-electron reactions be- 
tween tungsten POMs or blues and various reduc- 
tants or oxidants, respectively, including the oxida- 
tion of SiWi204D'*" and PWi2O40^ blues with O2, by a 
stopped-flow technique. The reaction rates were 
found to be in good agreement with Marcus theory 
for outer-sphere electron transfer, which supports 
this mechanism for the oxidation of SiW and PW 
blues by O2. Hiskia and Papaconstantinou^^^ studied 
kinetics and mechanism of the oxidation of reduced 
tungsten POMs, such as SiWi204D^-, H2Wi^43^, and 
PaWisOffi^, with dioxygen. 

In conclusion, HPA-n is the effident and versatile 
catalyst system for oxidizing by O2, Several promis- 
ing processes based on the HPA-n catalysis have been 
developed, e.g., the Vskcker Qxidation of olefins. 
However, many mechanistic details are yet to be 
disclosed. 



B. Oxidation with Hydrogen Peroxide 

It has long been known that tungsten and molyb- 
denum compounds are efficient catalysts for oxida- 
tions by hydrogen peroxide.^'^^'^ Tungsten and 
molybdenum POMs also catalyze various oxidations 
of organic substances by hydrogen peroxide, such 
as epQxidation of olefins, oxidation of alcohols, 
glycols, phenols, etc., in homogeneous or two-phase 
systems. '^'^220225 Percxo polyoxometalates have 
been shown to be the active intermediates in these 
reactions. 22c^222 

7. Venturello-lshii System 

Two highly effective and mechanistically closely 
related catalyst systems relevant to POM-mediated 
hydroperoxide oxidation are of particular interest, 
namely, those developed by groups of Venturello and 
Ishii. 

Venturello et al.^^^^ performed the epoxidation 
of alkenes (eq 59) in a biphasic system, e.g., CHCI3— 
HiP, at eO-70 °C with the use of diluted H2P2 (2- 
1^) and tungstate and phosphate ions as catalyst 
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precursors in the presence of a phase-transfer 
catalyst— quaternary ammonium cation (Q"*") with 
Ce— Ci8 alkyl groups. 

RCH=CH2 + HzOg — RCH — CHz + HjO (59) 



In this system, a peroxo POM, {P04[WD(02)2]4}^, 
analogous to the molybdenum peroxo POM first 
reported by Belles et al.,228was isolated and charac- 
terized.^ This peroxo complex was found to be 
remarkably effective in stoichiometric as well as in 
catalytic biphasic oxidation of alkenes by H2O2 and 
was postulated to be the active oxygen-transfer 
agent in reaction 59. For example, the epoxidation 
of 1-octene with 13X) H2O2 in the presence of 
{P04[WD(02)2]4}^ in a CHaClCH^l-H^ system 
affords epoxyoctane in 8S% yield (based cai the initial 
H^ata 10C% H2Q2 conversion (70 °C, 1.5h). The 
reaction is stereoselective: as-hex-2-ene is converted 
solely into the ds-epoxide, while trans-hex-2-ene 
gives the trans-epaxide.^ Likewise, but in a stron- 
ger addic medium, the biphasic oxidation of alkenes 
produces water-soluble vicinal fra/35-glycols in 71— 
88% yield (60-70 °C, 1-4 h, 2-4% H2O2, pH 1.2- 
1.5). The glycols formed are present almost entirely 
in the aqueous phase and can be readily isolated frcm 
the reaction mixture. 

The anion {P04[WO(02)2]4}^" was characterized 
crystallographically (Figure 10). It has the C2 
sjrametry and consists of the central PO4 tetrahedrcxi 
linked through its oxygen atoms to two pairs of edge- 
sharing distorted pentagonal bi pyramids W(02)203. 
Each tungsten atom is linked to two peroxo 
groups— one nonbridging (?/^ and the other bridging 
(jj^ fji)— located in the equatorial plane of the pen- 
tagonal bipyramid. 

Ishii et al. 224.229-238 demonstrated that oxidations 
of a wide variety of organic substrates with com- 
mercially available 35% H2O2 can be effectively 
performed in homcgeneous phase or more often in a 
biphasic sj^tem with the use of a catalyst comprising 
heteropoly acids PW or PMo and cetylpjridinium 
chloride, the latter providing phase-transfer functicn. 
F or a review, see ref 224. The PW catalyst is usually 
superior to PMo. Tris-cetylpyridinium salt cf PW, 
[7r-C5H5N+(CH2)i5CH3]3(PWi204o)3- (CPW), is pre- 
pared by interacting PW with 3 equiv of cetylpyri- 
dinium chloride. This salt catalyzes the epoxidation 
of alkenes229 and allylic alcohols233 with H2O2 in a 
biphasic system using CHCI3 as the solvent, while 




Figure IQ The structure of peroxo polyanion 

{P04[WO(02)2]4}=-222 



a,/}-unsaturated carboxylic adds are readily epoxi- 
dlzed in water at pH 6 to 7.^-^ sec- Alcohols and diols 
are dehydrcgenated by the CPW— H2O2 system in 
terf-butyl alcohol to give the corresponding ketones 
in good yields. Primary alcohols are much less 
reactive under such conditions. However, a,ft)-diols 
give ladones in fair 3delds.224 The CPW— H2O2 
system is also efficient for oxidative cleavage of 
carbon— carbon bonds of wc-glycols and alkenes to 
yield carboxylic adds. 233 Other readions, which can 
be readily carried out with this system indude the 
conversion of internal alkynes to the corresponding 
a,/}-epaxy ketones,236 allenes to a-alkoxy or a-hydroxy 
ketones,23^ amines to oximes and nitrones.^ss anilines 
to azoxy-, nitroso-, and nitrobenzenes^^^ and sulfides 
to sulfoxides and sulfones.^s^ 

According to a schematic mechanism proposed by 
Ishii et al,224 the two-phase epoxidation cf alkenes 
by hydrogen peroxide in the presence of PWi2O40^~ 
as the catalyst precursor proceeds as follows. An 
adive peroxo POM is formed in the aqueous phase 
by interading the Keggin heteropolyanion with hy- 
drogen peroxide. With the phase-transfer catalyst, 
Q+, the peroxo POM is almost fully transferred into 
the organic phase because its Q+ salt is readily 
soluble in organic solvents. The reaction takes place 
preferentially in the organic phase via the oxygen 
atom transfer firom the peroxo POM to the substrate. 
The peroxo POM is then regenerated at the interface 
by the interaction with H2O2. However, the nature 
of peroxo POM intermediates was not established in 
these studies. 

In the recent years, the Venturello-Ishii chemistry 
has been investigated in detail by several groups.239-24s 
These studies showed that the epoxidation of alkenes 
in the Venturello system and in the Ishii system 
indudes nearly identical peroxo polyoxometalate 
intermediates despite the use of different catalysts 
precursors in the two systems. Csanjd and Jaky239 
demonstrated that PW12 and PM012, by the interac- 
tion with excess H2O2 in a two-phase system in 
the presence of a phase-transfer agent, decompose 
to form a variety of peroxo complexes including 
{P04[WO(02)2]4}^" and {P 04^00(02)2] 4} respec- 
tively, which are transferred into the organic phase. 
These authors suggested that the peroxo anions 
derived from PW12 and PM012 are the catalytically 
adive spedes in the biphasic epoxidation of olefins. 
Bregeaidt et al.24o studied the epoxidaticn of 1-cctene 
by hydrogen peroxide in the CHCI3— H2O system in 
the presence of the heteropolyanions XM 12040"" and 
X2Mi8062'"~ and isopolyanions M^O/" (M = Mo*^ or 
W^; X = P5+, Si4+, or B3+) as precursors of catalyti- 
cally adive peroxo POM. The anions BWi2O40^~, 
SiWi204o''~, and P2Wi8062^ were inactive and, as 
shown by a number of spedroscopic methods, did not 
change their strudure during the readion. 
PMoi204o3~ exhibited a low activity. On the other 
hand, PW12O402" exhibited a high adivity (79% yield 
of epoxide based on 1-odene) when the catalj^ic 
system was prepared befcarehand by interading the 
hetercpolyanion with H2P2 in aqueous solution in the 
absence c£ and 1-octene. When all the reagents 
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Figure IL The structure of peroxo polyanicn 

{HP04[WO(02)2]2}2".2''' 

were mixed simultaneously, no activity was observed. 
Tungstic add, "H2WO4", and H2Wi2042^°~ showed 
high activities regardless of the preparation method 
used, the 3d elds being 76 and 67%, respectively. The 
Keggin hetercpdyanicns PM 12040^ were deccxnpcsed 
by excess H2O2 {[HzOgl/lM] = 30-355 md/fnol} to 
form the peroxo POMs {P04[MO(02)a]4}^ and [M2O3- 
(02)4(H20)2]2-. It was suggested that {P04[M0- 
(02)2] 4}^" is the active species responsible for the 
olefin epoxidation with the Keggin anions PMi2O40^ 
in two-phase systems. 

Later, ^ip and ^^^w NMR study^^i showed that 
several peroxo POMs of the composition PWvO/~ {x 
= 1—4) form in the aqueous H3PWi20/i()/H202 system, 
and these may well be the active species or their 
prectirsors in the olefin epoxidation by phase transfer 
catalysis. The novel {HP04[WO(02)2]2}'^~ anion was 
studied in the crystalline state and in solution. The 
crystal structure of [(;7-Bu)4N]2{HP04[WO(02)2]2} 
(Figure 1 1) is closely related to that cf the Venturello 
complex [(73-Bu)4N]3{P04[V\O(02)2l4} (Figure 10). The 
two anions, {HP04[WO(02)2l2}^~ and {P04[W0- 
(02)2)4}^, include the [W202^-02)2(02)2l moiety as a 
principal building block. In the two-phase epoxida- 
tion of limonene by H2O2, tungsten species Q3{P04- 
[WO(02)2]4} and Q2{HP04[WO(02)2]2} proved to be 
30 times more active than the molybdenum analcg, 
Q3{P04[MoO(02)2l4}.^''' Another mechanistically im- 
portant result is that the MO (02)2 moieties in 
{P04[MO(02)2l4}^~ are remarkably mobile in solution. 
Thus mixing sduticns of {P04[WO(02)2]4}^" and 
{P04[MoO(02)2l4}^ at room temperature results in 
the fast formaticn cf mixed-addenda species {PO4- 
[Mo4-;fVVf02o]}^.^'*^ Thus, the whole array cf peroxo 
spedes PW/)/" {x = 1-4) is likely to exist in a fast 
equilibrium. This makes it difficult to identify the 
active spedes kinetically. 

In the recent studies by Bregeault et al.^^ and 
Griffith et al.,^**~^*^ a wide variety of new mono-, dl-, 
tri-, and tetranudear tungsten and molybdemum 
peroxo POMs with tj^,tj^-peroKO moieties and various 
central groups-P04, PhPOg, Ph2P02, SO4, ASO4 
HASO4, CH3ASO3, etc.— have been isolated and char- 
acterized by X-ray and tested in oxidations with 
H2O2. Schwendt et al. reported the synthesis and 
charaderization of vanadium (V) percxo complexes 

(NH4)5[V2O2(O2)4PO4]250 and K7[V404(02)8P04].251 

Ballistreri et al.248 and Hill et al.249 have shown 
that the Venturello— Ishii epoxidation is first-order 
in both {P04[W0(02)2]4}2" and alkene. Hill et al.249 
obtained kinetic and spectroscopic evidence that two 
processes doninate during the readion: a slow 



epoxidation by oxygen atcm transfer from the peroxo 
POM to alkene (eq 60): 

{P04[WD(02)2]4}^~ + alkene — 

PW4, PW3, and PW2 + epoxide (GO) 

fdlowed by a rapid regeneration of {PO4 [WO (02)2] 4}^ 
with H2O2. Catalyst deactivation as well as the use 
of chlorinated hydrocarbons as solvents have been 
mentioned as the major drawback to the Venturello— 
Ishii process. 249 

In alkene epoxidation catalyzed by transition metal 
ccmplexes, the mechanism of the oxygen atom trans- 
fer from a percKO complex to alkene is still a matter 
of debate. According to Mimoun,^ the mechanism 
of the Qxygen-to-alkene transfer fi-om a side-bonded 
j/^-peroxo group involves a preooordlnation cf the 
alkene to the metal center. Alternatively, Sharp- 
less253 proposed a coordination cf the alkene to one 
oxygen atom from the peroxo group, forming a three- 
center transition state. Although it is not easy to 
make a choice between the two, experimental results 
on mononudear peroxo complexes are in a better 
agreement with the Sharpless mechanism. 2^4. 255 -pj-jig 
may well be the case with peroxo polyoxometalates, 
but no direct informaticn is available. 

Mechanistic aspeds of the oxidation of N,N-hen- 
zylalkylamlnes to nitrcnes by Q3{P04[MO(02)2]4} 
(where M = Mo or VS^ have been studied.^ 

2. Other Polyoxometalate Systems 

Pdytungstcanetalates [VVM3(H20)2(XW9034)2]^2" (X 
= M = Zn or Co2+, which can be substituted by a 
variety of transition metal ions)25'^ proved to be 
promising oxidation catalysts. These anions contain 
two a-/?- [XW9O34] '2- fragments of the Keggin-type 
polyanion XWi204o'^ from which a triad of edge- 
sharing odahedra is removed. The two units are 
linked by four coplanar odahedrally coordinated and 
dosely packed metal atoms. In contrast to Keggin 
anions, which are only stable in addic sdutions, 
these POMs are stable in the pH regicn from about 
6 to about 10.257 Atoms in the M positions can be 
substituted by Mn2+, Mn3+, Fe2+' Fe^, Cc^+, Ni^+, 
Cu2+, Zn2+, Pd2+, Pt2+, V4+, etc., thus providing 
intriguing opportunities for catalyst design. Appar- 
ently, these POMs are stable not only to hydrolysis 
but also to degradation by H2O2, unlike the Keggin 
ones. Thus Khenkin and Hill258 reported that the 
[Fe4(PW9034)2] anion was quite stable with respect 
to sdvolysis by H2O2; it catalyzed the selective 
homcgeneous epoxidation of alkenes in aqueous 
acetonitrile at 20 °C by H2O2. 

According to Neumann et al.,^-^ solvolytically 
stable dlsubstituted manganese(ll) POM, [\\^nMn2- 
(H20)2(ZnW9034)2] ^2-, is highly active catalyst for the 
epoxidation of alkenes and oxidation of alcohols by 
30% H2O2 (only a small excess) in a biphasic system 
at ambient temperature, with very high seledivities 
(>99%) and hundreds to thousands of turnovers. 
Interestingly, trisubstituted POM, [WMn3(H20)2- 
(ZnW9034)2] ^2-^ was significantly less effident, fol- 
lowed by Zn2+ and Co2+ derivatives. The Rh^ POM, 
[VVZnRh2^20)2(ZnW9034)2] is about as effective 
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as the disubstituted Mn2+ analog. Other sub- 
strates, e.g. alkenols, diols, amines, etc., can be 
oxidized in such systems. 

POM-based solid catalysts for the epoxidation 
of alkenes have been reported.^^ These contain 
POM-{P04[WO(02)2]4}2" or [WZnMn2(H20)ir 
(ZnWgOs^) 2] ^^"—immobilized on a silicate xerogel 
covalently modified with phenyl groups and quater- 
nary ammonium groups. The catalysts epoxidize 
alkenes by 30% H2O2 at room temperature in the 
absence of an organic solvent. 

The Ti-substituted Keggin-tj^e anions, PWiiTiO40^, 
PWioTi^4o^~, etc., have been studied as catalysts for 
the epoxidation of alkenes with H2O2. The kinetic 
data obtained imply the involvement of HO radicals 
generated by the decomposition of H202.^^ 

Keggin-tj^e mixed-addenda heteropolyanions ccn- 
taining ions catalyze the oxidation of alkylaro- 
matic compounds by 30% H2O2 in AcOH at 80 °C to 
form the respective acetates or alcohols and alde- 
hydes or ketones, HPA-2 being the most effective 
catalyst.^ There is spectroscopic evidence that 
HPA-2 is not degraded during the reacticn. However, 
there is a significant decomposition of H2O2 ac- 
companying the oxidation of the alkyl aromatic 
substrates. The mechanism proposed includes the 
homolj^ic deavage of peroxo species at the vanadium 
atom of HPA-2 to form HO and HO2 radicals, which 
react with the alkyl aromatic substrate to give the 
observed products, as represented by eqs 61—65.265 

HPA-2 + H2O2 - H (HPA-2) + HO2 (61) 
H (HPA-2) + H2O2 HPA-2 + HO + H2O (62) 
ArH + HO (or HO^ — Ar' + H2O (or HgOg) (63) 
Ar* + HPA-2 + H+ — Ar+ + H (HPA-2) (64) 
Ar+ + AcOH (or H2O) ^ ArOAc + H+ (or ArOH) 

(65) 

The mdybdovanadium iscpcly adds H2V12-JVIQYO31 
{x= 0-4) catalj^e the axidaticn cf l,2,4rtrimethyl- 
benzene to trimethylbenzoquinone by peracetic add 
in acetic add solution (20 °C, 4 h) with a 12-31% 
selectivity at 15—22% trimethylbenzene conver- 
sion.266 

As shown by Shimizu et al.,^^^ the Keggin het- 
eropoly acids catalyze the oxidation of 2,3,S and 
2,3,6-trimethylphenol (TMP) to 2,3,Strimethyl-l,4- 
benzoquinc)ne (TMBQ) by hydrogen peroxide in acetic 
add sduticxi in 65-78% selectivity at 94- 100% TMP 
ccnversicn. The mechanism proposed involves the 
HPA-catalyzed hydrcxylation of the aromatic ring to 
form 2,3,5-trimethylhydroquinone, followed by its 
fast oxidation to TMBQ. In this reaction, HPAs 
apparently behave as Bronsted add catalysts, cata- 
lyzing the formation of peracetic acid, which is 
probably the true hydroxylating spedes.^^^ wc-Dids 
were oxidized with 30% aqueous H2O2 in the presence 
of HPA to yield carboxylic add.^ 

Tungsten POMs have been studied as catalysts for 
the Qjddation of benzene to phenol with 30% aqueous 



H2O2 at 25 °C by Nomiya et al.^es Keggin anions, 
PW10V2 and PW9V3, showed 92-98% selectivity to 
phenol (based on benzene) at <8% benzene conver- 
sion. The activity of PW9V3 was initially high, but 
decreased after 48 h due to decomposition of the 
Keggin strurture. The PW10V2 anion remained intad 
and maintained its adivity even after 576 h. Kuz- 
netsova et al.2'^°'27i reported that the Fe^-substituted 
POM, PWuOsgFe*-, catalyzes the oxidatiai cf ben- 
zene to phenol by H2O2 in CH3CN sduticn at 70 °C, 
with the H2O2 decomposition being the main reaction. 
A mechanism, including the oxidation of CeHe by HO 
radicals formed via the H2O2 decomposition, is sug- 
gested. Pd(II) and Pt(ll) complexes of PWnOsg^" 
catalyze the cooxidative hydroxylation of benzene to 
phenol by a gas mixture of O2 and H2 in a two-phase 
system at 10—40 "C.^'^^ Liquid-phase oxidation of 
benzene to phenol by O2 (10 atm, 25 °C) in the 
presence of Fe^"*" -l- PW12 has been reported. ^'^ This 
reaction is likely to be a free radical cooxidation c£ a 
Fe^^-POM and benzene by O2. The benzene-to- 
phenol oxidation by O2 catalyzed by the Pd(II) -l- 
HPA-/7 redox system has been reported to achieve a 
70% selectivity to phend at 15% benzene conversion 
and 800 Pd(ll) turnovers (130 °C, 60 atm O2, in 
AcOH-H20).274 

POM-catalyzed oxidation of sulfur compounds with 
H2O2 may be promising for desulfurization of oils. 
Thus the oxidation of dibenzothiophene with H2O2 
using PW as catalyst and (C8Hi7)4NBr as phase 
transfer agent in a two-phase water— tduene system 
yields nearly 100% of dibenzdhlophene sulfone. 
Treatment cf gas dls with this method shows that 
all the sulfur ccmpounds present are oxidized by this 
catalyst system. Oxidized products can be separated 
from dl by adsorption on silica gel. ^ 

IV. Conclusion 

Catalysis with heteropdy adds and rdated poly- 
Qxcmetalate systems is a field cf growing importance. 
Several industrial processes based on HPA catalysis 
have been developed and commerdalized. More may 
be launched in the years to come. The seleded 
examples reviewed show the broad scope of poten- 
tially premising applications of HPAs as add and 
redox catalysts in low-temperature liquid-phase or- 
ganic readions. Due to their unique physicochemical 
properties, HPAs can be profitably used in homoge- 
neous, biphasic, or heterogeneous systems, providing 
a broad operational choice. In many cases HPAs 
provide higher activities and selectivities and allow 
fcr deaner processing compared to conventional 
catalysts. The high effediveness of HPAs as add 
catalysts is primarily due to their strong Bronsted 
addity, greatly exceeding that of ordinary mineral 
adds and solid add catalysts. Such important HPA 
properties as the ability of polyanions to stabilize 
crganic intermediates, "pseudoliquid phase" and lack 
of side readions like sulfonation, etc., also contribute 
to enhandng the catalj^ic activity and reaction 
seledivity. In liquid-phase oxidation, polyoxometa- 
lates can be applied either as stoichiometric oxidants 
cr as catalysts in conjundion with such environmen- 
tally friendly oxidants as O2 and H2O2. The use cf a 



Catalysis by Heteropoly Acids 



Chemical Reviews, 19961 Vol. 961 No. 1 195 



variety of multicomponent redox systems based on 
polyoxometalates greatly extends the scope of pos- 
sible oxidations. However, for these potentially 
promising reactions to be used in practice, complete 
recovery and recycling of HPA catalysts will be 
required. Detailed knowledge of mechanisms c£ 
catalysis by polyoxcgTietalates is needed for the 
catalyst design and scale up. 
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